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This  report  constitutes  the  Final  Report  prepared  by  Dr.  F.  S.  Gaiasso, 
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Naval  Research. 
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SUMMARY 


During  this  contract  period,  powders  of  perovskite-type  compounds  having  the 
general  formula  Ba(E^  5)0^,  where  is  a  trivalent  rare  earth  cation,  In3+, 

y3+,  or  Sc3+,  were  doped  with  trivalent  laser  activating  ions  and  the  fluorescent 
lifetimes  were  measured.  The  values  obtained,  i.e.  850yt<.sec  for  Nd3+  doped 
Ba(LuQ>  iOO^j.  800y-t.sec  for  Nd3+  doped  Ba(GdQ.  p'faQ,  5)03,  and  the  long  life¬ 
times  obtained  for  other  rare  earth  doped  phases  of  this  type  indicate  that  some 
of  them  may  make  promising  laser  materials.  In  addition,  the  optical  properties 
of  a  number  of  other  complex  perovskite  phases  and  some  no-perovskite  phases  were 
measured. 

Studies  involving  flux  growth  crystals  also  have  been  made  during  this  period. 
In  the  first  investigations,  small,  discolored  crystals  of  Ba(La^)>  5)^3, 
Ba(Gd0>5Ta0<  5)C3,  Ba(Lu0>  ^Ta^  5)03,  Ba(Sc0>  t,Ta0>  5)03  and  Ea(Y0<  5Ta0>  5)63  were  grown 
from  a  BaF2  flux.  After  detailed  phase  diagram  studies  of  the  BaO-YTaO^-EUjU?  and 
BaO- Luri'a04- B2O3  systems,  clear  single  crystals  of  doped  Ba(Yo, 5T&0, 5)03  and 
Ba(LuQ  518^^)03  were  grown  from  a  B2O3  flux  by  slow  cooling.  In  addition,  a 
larger  single  crystal  of  Ba(YQ  cTaQ  was  grown  by  a  modified  Czochralski 

technique. 
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INTRODUCTION 


The  recent  emphasis  on  laser  research  has  brought  about  a  concentrated  search 
for  new  and  improved  materials  which  can  be  used  as  hosts  for  transition  and  rare 
earth  doping  ions.  An  important  part  of  this  effort  has  been  directed  toward  the 
production  of  laser  materials  having  fluorescing  energy  states  with  long  lifetimes 
so  that  they  will  emit  high  energy  pulses  and  will  require  low  threshold  pumping 
energies.  Theoreticians  calculate  that  these  long  lifetimes  should  be  obtained 
in  materials  whose  crystal  lattices  have  the  doping  ions  as  centers  of  symmetry 
in  cubic  crystallographic  sites.  This  has  bee  u  substantiated  by  experimental  results 
which  have  shown  that  the  decay  time  of  Cr^+  fluorescence  increased  from  3  msec 
in  an  aluminum  oxide  structure  to  h6  msec  in  the  nearly  cubic  LaAlO^  perovskite 
structure  (Ref.  l). 


Under  the  present  contract,  a  series  of  A(,B‘ 


Ta 

0.5  0. 

type  compounds  were  investigated  as  laser  host  materials 


)0  ordered  p  rovskite- 
ince  it  was  found  from  the 
Research  Laboratories'  previous  studies  that  some  of  them  had  structures  which 
contained  cubic  centrosymmetric  lattice  sites  ideally  suited  for  trivalent  lastr 
activating  ions.  The  more  promising  compounds  were  doped  so  that  the  fluorescing 
lines  could  be  recorded,  identified,  and  the  lifetimes  of  these  fluorescing  states 
could  be  measured.  In  addition,  some  experiments  were  directed  toward  preparing 
these  compounds  as  doped  single  crystals. 


SELECTION  OF  LASER  HOST  MATERIALS 


A  survey  was  made  of  the  various  oxides  in  search  of  host  materials  with 
structures  which  contain  cubic  centrosymmetric  crystallographic  sites.  In  the 
selection  of  host  materials,  consideration  was  given  to  the  stability  of  the  oxides 
and  doping  ions  which  would  be  most  suitable  for  substitution  into  the  oxide  struc cu 

Of  the  simple  oxides,  those  with  the  sodium  chloride  and  calcium  fluoride 
structures  have  cubic  centrosymmetric  cation  sites  which  will  accept  divalent  and 
tetravalent  ions  respectively  (Figs,  la  and  lb).  While  several  of  these  oxides, 
such  as  MgO  with  the  sodium  chloride  structure  and  ThO^  and  CeO^,  with  the  calcium 
fluoride  structure,  are  quite  suitable  as  laser  host  lattices,  the  availability  of 
only  a  few  relatively  unstable  divalent  and  tetravalent  laser  activating  ions  make 
them  less  desirable  for  the  purpose.,  of  this  study  than  host  materials  which  wjll 
accept  trivalent  ions  without  the  audition  of  other  compensating  ions. 
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The  more  complex  spinel  and  perovsk±te  structures  contain  centrosymmetric  sites 
which  can  accommodate  trivalent  cations  of  oxide  materials.  However,  oxides  with  the 
spinel  structure  were  not  selected  as  the  best  candidates  for  this  investigation 
because  of  the  difficulty  of  introducing  ions  in  the  octahedrally  coordinated  cation 
positions  without  any  substitution  in  the  tetrahedrally  coordinated  cation  sites  as 
vel1  ^Fig.  lc).  Substitution  of  doping  ions  in  two  different  cation  sites  was  felt 
to  be  less  probable  in  ABO  -type  oxides  with  the  perovskite  structure  because  the  A 
ion  is  usually  much  larger' than  the  B  ion  (Fig.  Id).  In  LaA10r,  for  example,  large 
rare  earth  ions  have  been  substituted  for  the  La-^+  ions  and  the  smaller  Cr^+  ion  ha; 

Oi 

been  substituted  f or  A1  (Ref.  2),  The  long  lifetimes  of  the  prominent  fluorescing 
states  in  the  Cr^+  doped  LaAdO  indicate  that  this  material  may  be  nearly  the  ideal 
hod  oxide  for  this  study  except  that  its  structure  is  slightly  distorted.  Other 
possible  hoot  materials  have  become  available  as  a  result  of  the  ^ork  reported 
in  Refs.  3  and  ^  which  demonstrated  that  two  ions  which  are  different  in  size  and 
charge  could  be  placed  in  the  B  position  of  the  perovskite  structure.  A  recent 
compilation  of  these  compounds  with  the  general  formula  A(B^By)0^  where  B7  and  B/7 
are  two  different  elements  with  different  charges,  reveal  that  over  200  of  them  have 
been  prepared  in  various  laboratories  (Ref.  5 >  Appendix  I). 


When  the  ratio  c.*'  the  B77  ions  to  B7  ions  is  two,  as  indicated  by  the  formula 
A(Bq  by)0  3  and  b/  i°ns  are  ordered,  the  structure  obtained  is  one  in 

which  the  cubr^  centrosymmetric  B  site  is  not  preserved  (Figs.  2a,  Refs.  6-9). 
However,  when  the  B7  and  B'7  ions  are  present  in  equal  amounts,  as  indicated  by  the 
formula  A(Bq  ^B/7  _)0^,  a  common  ordered  structure  may  be  adopted  in  which  the  B 
ions  alternate  ^Re?fs.  10,11);  thus  the  symmetry  about  the  B  site  is  retained  (Fig  2b) 
In  these  ordered  A(b/.  ^B77  .Jo^-tvpe  compounds  it  is  most  desirable  for  laser  applica- 
tions  to  have  barium  as  thd  A  ion  since  compounds  containing  barium  are  least 
distorted,  and  tantalum  V  as  the  B77  ion  because  of  its  resistance  to  reduction.  The 
B7  ion  shoul  1  be  a  trivalent  ion  and  should  not  produce  energy  levels  which  would 
interfere  with  those  of  the  doping  ions.  Therefore,  B7  should  be  trivalent  scandium, 
yttrium  or  lanthanum  which  have  rare  gas  electronic  configurations,  trivalent 
gadolinium  with  half  filled  f  shells,  trivalent  lutecium  with  completely  filled  f 
shells,  or  trivalent  indium  with  completely  filled  d  shells-  On  this  basis,  the 
compounds  selected  for  initial  studies  under  this  contract  were  Ba(La^  ^Ta^  ^ )0^, 

Ba(Gd0<5Tao  5)°3,  Ba(Y0>5Ta0>5)03,  BafLu^Ta,,  ^0^  Ba(ln0<  ^Ta^  ^0^  and 
Ba(Sco.  5Tac>  c;)0y 


In  searching  for  other  host  materials,  similar  multiple  substitutions  were 
considered  in  the  sodium  chloride,  calcium  fluoride,  and  spinel  structures  as 


DVl02b9-b 


methods  of  obtaining  new  o-dered  structures  containing  cubic  centrosymmetric  situs. 
However,  a  survey  of  the  limited  amount  of  literature  on  oxio.es  reportea  to  have 
ordered  sodium  chloride,  calcium  fluoride,  and  spinel  structures  showed  that  the 
cations  were  distributed  in  such  a  way  that  the  cubic  center  of  symmetry  about  the 
cation  sites  was  not  retained.  Several  of  these  struc cures  are  shown  in  Figs.  3-7 
(Refs.  12  -  15). 


In  summary,  the  compounds  selected  for  initial  studies  had  the  general  formula 


Ba'BQ.-5Tao. 


)03  where  b‘  is  La-5"*", 


Gd 


3+  y3  + 


YJ',  Sc 


3+ 


.  3+ 
m  and 


Lu 


1+ 


After  consider¬ 


ing  the  ionic  radii  of  the  B'  ions,  these  compounds  were  selected  as  being  most 
suitable  for  rare  earth  doping  ions.  Other  promising  complex  perovskite  compounds 
were  selected  from  the  list  given  in  Appendix  I,  for  both  rare  earth  and  transition 


Tietal  ion  d  ing. 
doping  only. 


The  last  group  of  compounds  vrere  selected  specifically  for  Cr 


1+ 


Preparation  of  Ba(E_  cnTa  )0_  Perovskite-T"De  Phases 

0.50  0.5O '  3 

Powder  samples  of  these  perovskite-type  compounds  were  prepared  following  the 
dry  technique  of  reacting  solids  at  high  temperatures.  In  these  preparations  reagent 
grade  BaCCL,  and  Ta20r,  and  high  purity  (99-9$)  rare  earth  oxides,  Sc20^,  Y20^  811(1 
In^O  were  used.  For  each  sample,  BaCO^  was  mixed  with  the  trivalent  metal  oxide 
and  t?he  Ta^O ^  in  a  molar  ratio  of  4:1:1.  The  mixture  was  ground  in  an  agate  mortar 
and  fired  on  alumina  trays  in  a  box  furnace  heated  by  Kanthal  molybdenum  disilicide 
elements.  During  the  firing  cycle  the  samples  were  taken  from  the  furnace  and 
reground  to  insure  thorough  mixing.  It  was  found  that  the  ordered  perovskite  phases 
could  be  obtained  by  firing  the  powders  at  1100  -  1200°C,  however,  at  these  firing 
temperatures  the  samples  also  contained  trivalent  metal  oxides  or  Ba^a^O^  impurities. 
Single  phases  of  Ba(LaQ>  Ba(Lu0  ^Ta^  ^ )0y  Ba(Y 0^Ta  JO^  and  Ba(Sc0i  ;TaQ  ^0, 

have  been  prepared  by  firing  at  1560°C.  The  compound  containing  indium  is  an  exception, 
however,  requiring  a  firing  temperature  of  only  I400°C .  All  othei.  compounds  have 
been  obtained  sufficiently  pure  so  that  lattice  parameters  for  the  perovskite  phases 
could  be  determined. 


X-ray  Analysis 


of  Ba(B0>  50^0.50  ^°3 


Perovskite -Type 


Phases 


Ail  samples  were  examined  by  powder  X-ray  diffraction  methods  using  a  Philips 
114  6  mm  diameter  camera  and  copper. radiation.  The  lattice  parameters  were 
determined  and  diffraction  line  intensities  were  visually  estimated  for  each  compound 


3 
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Tt  was  found  that  compounds  containing  the  larger  trivaiert  cations  were  distorted 
from  cubic  symmetry.  The  X-ra,r  pattern  of  Ba(LaQ ^ ^Tao^ 5)03  had  an  orthorhombic 
unit  cell  and  the  X-ray  pattern  of  Ba(Gd£s  5/O3  was  indexed  on  a  tetragonal 
cell.  These  data  are  given  in  Table  I,  The  samples  containing  trivalent  cations 
with  sizes  between  those  of  La'+  and  Gd^+  have  not  been  obtained  pure  enough  to 
identify  their  unit  cell  distortions,  Perovskites  containing  ions  smaller  than 
gadolinium  exhibit  cubic  symmetry  (see  Table  II), 

The  d-spacings  and  line  intensities  were  computed  for  the  phases  containing 
La3+^  Lu3+j  In^,  Y'!+  and  Sc^+  using  Smith's  prc  .ram  (Ref,  1.6)  for  the  IH4  f09n 
computer.  For  this  program,  the  cubic  space  group  Fm3m  and  complete  ordering  of  the 
B  and  B//  cation  positions  were  assumed,  (Thus,  the  data  obtained  for  the  lanthanum 
compound  could  not  be  compared  exactly  with  the  observed  data  for  the  orthorhombic 
cell,  but  could  be  used  to  study  qualitatively  the  completeness  of  B  ion  ordering). 
The  data  for  each  phase  were  computed  using  the  lattice  parameters  determined  from 
powder  diffraction  films.  Results  shoved  that  the  intensities  of  the  diffraction 
lines  caused  by  ordering  of  the  B  cations  (those  for  which  h,  k,  and  are  odd 
integers)  decreased  as  the  difference  in  scattering  factor  deci eased,  Also,  those 
lines  for  which  ( h  +  k  +  -£  )  =  4n  were  of  nearly  constant  intensity  throughout  the 
series  while  the  intensities  of  the  remaining  lines  varied.  As  can  be  seen  in 
Table  III,  experimental  results  agree  well  with  these  findings.  The  calculated 
ordering  line  intensities  are  seen  to  decrease  in  the  order  Sc^+  >  Y^+  >  In^+  ^  La3+> 
Lu-  ,  Where  the  difference  in  scattering  factor  is  zero  or  one  (see  Table  IV)  the 
ordering  lines  were  not  seen  on  the  films  at  normal  exposure  times.  It  is  felt, 
however,  that  ordering  of  the  B  ions  does  persist  throughout  the  series.  This 
conclusion  is  based  on  a  number  of  studies  at  the  Research  Laboratories  which  showed 
that  the  difference  in  size  of  the  B  ions  has  to  be  very  small  before  they  will 
distribute  themselves  randomly  in  the  B  position  of  the  perovskite  structure, 

Uoing  a  plot  of  (vclume)^^  for  Ba(  ^  ^TaQ^  ^O^-type  compounds  vs  ionic  radii 
of  the  B'  ions  as  given  by  Ahrens  and  obtained  from  a  study  of  Ba(B^  ^NbQ  5)03- 
type  compounds  (Ref.  ll),  the  effective  radii  of  the  trivalent  ions  used  in  this 
study  we. -e  determined  (see  Fig.  8).  Table  V  presents  the  radii  as  determined  by 
Ahrens,  the  radii  as  determined  from  unit  cell  data  for  Ba(BQ  5)0 --type 

compounds  and  the  radii  found  in  this  study  for  the  B/  ions ,  Note  that  the  agree¬ 
ment  between  these  values  is  quite  good  except  for  that  determined  for  Sc^+, 

Scandium  ions  appear  to  have  a  much  smaller  effective  ionic  radii  in  these  ordered 
perovskite-type  compounds. 
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Preparation  of  Doped.  Phases 


Powder  samples,  doped  with  various  trivaient  or  divalent  cations.  wer~  prepared 
for  study  of  their  optical  properties.  Stoichiometric  mixtures  of  the  reactants  were 
fired  at  temperatures  between  1580  -  l650°C,  except  in  the  cases  of  the  samples 
containing  indium  where  a  firing  temperature  of  1^00°  was  sufficient.  In  these 
mixtures  reagent  grade  chemicals  were  used  except,  for  Te0o  and  WO  which  were  purified 
grade  and  the  rare  earth  oxides,  Sc^Oy  Y^O-,  IngO^  and  MgO  which  were  high  purity 
oxides.  Since  many  phases  were  prepared  in  this  survey-type  experiment  not  all 
samples  were  worked  until  they  were  obtained  as  the  purest  single  phase  possible. 

The  complex  perovskite-type  phases,  with  the  general  formula  Ba(BQ  tTa  r)0  , 
were  studied  most  extensively  and  with  a  greater  variety  of  dopantsf  ?&^se  compounds 
are  listed  on  Table  VI.  Not  only  were  other  complex  perovskites  studied  but  also 
spinel  and  other  non-perovskite-type  phases  as  well;  these  are  also  listed  in  Table  VI. 


CRYSTAL  GROWTH  EXPERIMENTS 


Melting  Behavior  of  Ba(Yn  ,-Ta_  c)0o 

w. p  0. p  0 

Before  attempting  to  grow  crystals  of  Ba(B^  TaQ  ^JO^-type  compounds  from  a 
liquid  phase,  it  -was  necessary  to  obtain  information  on  t™'  melting  behavior  of  these 
compounds  in  order  to  determine  which  of  the  several  crystal,  growing  techniques 
would  be  most  applicable  and  which  container  materials  could  be  used. 


Initial  melting  studies  were  conducted  on  Ba(Y^  TaQ  )0  .  This  compound  was 
prepared  by  reacting  BaCO^,  YgO  and  Ta20  for  several  hours  5t  l600°C.  An  X-ray 
powder  diffraction  pattern  was  obtained  for  the  material,  and  no  extraneous  lines 
were  present.  Attempts  were  made  to  measure  the  melting  point  of  this  material 
by  placing  a  small  piece  (average  dimension,  l/l6  in.)  on  an  electrically  heated 
platinum  strip,  and  sighting  on  the  sample  with  an  optical  pyrometer.  No  melting 
of  the  sample  was  observed  at  the  temperature  at  which  the  platinum  strip  fused. 

An  iridium  strip  (MP  =  245U°C)  was  substituted  for  the  platinum  and  again  the  strip 
failed  before  any  melting  of  the  sample  was  observed.  The  last  temperature  reading 
made  on  the  sample  before  the  strip  failed  was  2200°C. 


A  piece  of  sintered  Ba(Y^  cTa^  vas  then  broken  so  that  a  sharp  comer  was 

obtained.  This  corner  was  heated  with  a  propane-oxygen  torch  and  observed  with  an 
optical  pyrometer.  Some  liquid  formation  was  observed  at  a  nominal  temperature 
about  2200°C.  When  the  material  had  cooled  to  room  temperature,  the  fused  corner 
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was  broken  off  and  X-rayed.  The  pattern  of  the  recrystallized  material  indicated 
the  presence  of  perovskite  and  a  second  phase  which  was  recognized  to  be  an  isomorph 
of  BaTa  ,0g  (see  Appendix  II).  The  presence  of  the  second  phase  in  +he  recrystallized 
material  cannot  be  taken  as  an  indication  of  incongruent  melting  of  the  perovskite, 
and  later  phase  equilibrium  studies  in  the  system  SaO-YTaO^-B-,0^  (Appendix  II ) 
indicate  congruent  melting  behavior  for  Ba(YQ  ^TaQ  ^)0y  It  may  be  assumed  however, 
that  the  stoichiometry  of  the  melt  is  lost  because  of  incongruent  vaporization. 

From  the  above  observations  and  preliminary  experiments  on  other  compounds  of 
this  type  it  was  concluded  that  laboratory  techniques  involving  congruent  crystalliza¬ 
tion  from  the  melt  were  impractical  for  these  materials.  The  standard  Czochralski 
technique  was  eliminated  because  of  the  unavailability  of  a  suitable  container,  and 
the  Vemeuil  technique  also  was  eliminated  because  of  the  difficulty  of  maintaining 
correct  stoichiometry.  For  these  reasons  the  flux-growth  technique,  using  slow 
cooling  or  a  modified  Czochralski  technique,  was  selected  as  the  most  practical 
method  to  pursue . 


Preliminary  Flux-Growth  Experiments 

Initial  attempts  to  grow  crystals  of  perovskite -type  compounds  of  the  general 
formula  Ba(B'  ^TaQ  were  made  by  the  slow  cooling  technique  using  a  number  of 

fused  salt  fluxes,  since  this  was  found  by  workers  at  the  UAC  Research  Laboratories 
to  be  a  satisfactory  technique  for  producing  crystals  of  similar  compounds  of  this 
type  (Refs.  17,  18). 

Compositions  were  prepared  from  C.P.  grade  BaCO-,  Ta^O^,  and  the  appropriate 
rare  earth  oxides.  The  batches  were  prefired  to  react  the  starting  materials,  ar.d 
then  mixed  with  various  amounts  of  flux,  placed  in  platinum  crucibles,  and  subjected 
to  a  given  temperature  cycle  in  a  resistance  furnace  controlled  by  a  Thermovolt 
model  AZR-2U78  cam  controller. 


The  hatch  composition,  various  heat  treatments,  and  observations  are  given 
in  Table  VII.  The  best  results  were  obtained  using  BaF^  flux,  from  which  small 
crystals 

and  Ba(Y 
in  Fig. 

of  the  incorporation  of  platinum,  which  is  known  to  have  an  appreciable  solubility 
in  BaF,p.  The  crystals  were  generally  found  in  the  lower  region  of  the  crucible, 
primarily  near  the  crucible  ‘walls,  in  a  matrix  of  fine-grained  polycrystalline 
perovskite  phase  and  flux.  Moreover,  close  examination  of  the  crystals  disclosed 
that  the  great  majority  of  them  were  twinned.  While  some  of  these  crystals  were 
satisfactory  for  X-ray  studies,  they  were  not  suitable  for  optical  measurements. 


of  Ba(La0>5Tao<5)03,  BafGd^Ta^^,  Bad^Ta^X^,  BaCSc^Ta^^ 

0*5TaQ  5^3  were  grovn’  A  photograph  of  Ba(YQ  Ta0  JO-  crystals  is  shown 
9*  All  •'of  the  crystals  were  strongly  discolored,  pr  6b  ably  as  the  result 
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Since  it  was  suspected  that  platinum  from  the  crucibles  was  the  source  of 
discoloration  of  the  crystals  precipitated  irom  the  BaFp  flux,  compatibility  experi¬ 
ments  were  performed  using  boron  nitride  crucibles.  It  was  found  that  BN  was 
not  visibly  attacked  by  molten  BaF2,  but  that  when  Ba(  Yq.  5)0^  was  added  to  the 
melt,  a  reaction  took  place  that  precipitated  TaB  crystals,  thus  making  BN  also 
unsuitable  as  a  container. 

Before  searching  further  for  a  suitable  container,  it  was  felt  that  a  thorough 
evaluation  of  the  BaF2  system  for  growing  crystals  of  Ba(Yo.5TaQ. 9)03  should  be 
made.  Tha  solubility  of  Ba(Yo. 5)03  was  determined  experimentally  with  the 
hope  that  crystal  size  and  quality  could  be  improved  if  proper  attention  were  given 
to  liquidus  equilibria.  These  data  are  presented  in  Appendix  II,  and  the  solubility 
curve  is  shown  in  Fig.  10.  Attempts  were  made  to  nucleate  and  grow  Ba(Yo^raQ 
by  slowly  coolirg  batches  in  covered  100  ml  platinum  crucibl from  temperatures  above 
the  liquidus  curve,  but  in  several  attempts  no  crystals  larger  than  fractions  of  a 
millimeter  were  obtained.  There  appeared  to  be  a  severe  nucleation  problem  in  this 
system^  probably  connented  with  the  very  steep  solubility  curve  and  low  critical 
undercooling  so  that  a  great  number  of  crystals,  rather  than  a  requisite  few, 
precipitated  on  cooling. 

Because  of  the  nucleation  and  contami  .ation  problems  encountered  using  BaFg, 
it  was  necessary  to  find  a  more  suitable  flux  for  Ba(Y0. ^TaQ. c)0^*  Oxide  fluxes 
were  considered  since  it  was  assumed  that  the  solubility  would  be  higher  and 
nucleation  problems  would  be  less  severe. 


Crystal  Growth  Experiments  Using  a  B2O3  Fj.~uc 


I 

j 

1 


Of  the  low  melting  oxiues,  BpO^  was  deemed  to  be  the  most  suitable  since  it 
would  have  the  least  tendency  to  enter  the  perovskite  structure  because  of  the 
greater  size  disparity  between  the  B^+  ion  and  the  cations  in  the  perovskites. 

Studies  were  undertaken  to  delineate  phase  equilibrium  in  the  systems  BaO-YTaC'ii-I^'^ 
Ba0-LuTa04-B20^  and  BaO-LaTaO^-  These  are  reported  fully  in  Appendix  II. 

The  perovskite  fields  in  the  first  two  of  these  systems  were  mapped  in  sufficient 
detail  to  permit  the  selection  of  proper  crystal  growth  conditions.  The  perovskite 
field  in  the  latter  system  was  not  found  in  the  analogous  area  of  the  diagram.  As 
time  did  not  permit  further  Investigation  of  the  BaO-LalaO^-B^O^  system,  crystal 
growth  experiments  were  confined  to  Ba(YQ  ^TaQ  c) 0 ^  and  Ba(LuQ  bTaQ  5)0^. 


The  phase  diagrams  (Figs.  11,  12)  were  used  to  select  batch  compositions  and 
temperature  cooling  ranges.  Giice,  as  can  be  seen  from  the  above  figures,  the 
slope  of  the  liquidus  surfaces.  61/48 ,  is  approximately  0.08  weight  percent  perovskite 
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per  °C  in  the  region  of  interest,  the  empirical  observation  of  Laudise  (Ref.  19) 
that  satisfactory  nucleation  and  growth  requires  0.02  <ds/&6  °§cit<0.2  predicates 
cooling  rates  in  the  order  of  less  than  2.5°C/hr.  This  in  turn  necessitates 
temperature  control  considerably  better  than  _+  1°C.  Because  phases  other  than 
perovskite  crystallize  when  the  liquid  composition  reaches  the  boundaries  of  the 
perovskite  field,  extraction  of  perovskite  crystals  from  a  melt  that  had  been 
permitted  to  cool  to  room  temperature  would  be  extremely  difficult .  For  this 
reason  it  was  desirable  to  decant  the  liquid  from  the  growing  crystals  at  elevated 
tempcratxire  before  this  condition  was  reached. 

Since  no  furnaces  that  satisfied  the  above  requirements  of  temperature  control 
were  on  hand,  two  special  decanting  furnaces  were  built.  The  decanting  arrangement 
for  the  50  nil  crucible  furnace  is  shown  in  Fig.  13*  This  arrangement  permits  the  cru¬ 
cible  holder  to  be  rotated  and  the  liquid  poured  off  into  a  sump  at  any  desired 
temperature  during  the  cooling  cycle.  In  the  case  of  the  50  ml  crucible  furnace, 
the  sump  consisted  of  a  standard  low  form  100  ml  platinum  crucible  placed  below 
the  growth  crucible.  The  second  furnace  was  similar  in  design,  but  was  made  to 
accommodate  a  25O  ml  crucible.  In  this  case  a  firebrick  tray  filled  with  ground 
firebrick  grain  served  as  the  sump.  A  photograph  of  the  2^0  ml  furnace,  showing 
the  crucible  in  the  decanted  position, is  shown  in  Fig.  l4.  The  furnaces  were 
each  heated  by  eight  Morganite  silicon  carbide  elements  and  were  controlled  by 
Leeds  and  Northrup  Speedomax  Type  G  program  controllers  Series  60  proportional 
control  units  and  Fin^or  FDG  1  saturable  reactors.  The  program  controllers  were 
fitted  with  5  mm  range  cards,  and  adapted  with  thermocouple  bucking  circuits  in 
order  co  adjust  the  zero  of  the  scale.  The  thermocouple  bucking  circuits  are  shown 
in  Fig.  15.  The  temperature  sensing  thermocouples  were  20  mil  platinum-platinum, 

10^)  rhodium  without  protection  tubes  placed  in  the  vicinity  of  the  crucible.  In 
addition,  auxiliary  read-out  thermocouples  were  placed  in  contact  with  the  crucibles 
at  various  positions.  The  degree  of  temperature  control  and  smoothness  of  cooling 
~ate  attained  in  these  furnaces  is  shown  in  Fig.  16,  in  which  a  section  of  a  recorder 
strip  chart  from  a  typical  run  is  reproduced. 

The  various  compositions  were  prepared  from  the  following  reagents: 


BaCO^ 

-  Fisher  Certified  Reagent 

TagO^ 

-  A.  D.  Mackay,  Inc. 

99.9$ 

Y2°8 

-  A.  D.  Mackay,  Inc. 

99 .9* 

LUoO-3 

-  Allied  Chemical 

99.9$ 

Gd^G 

-  A.  D.  Mackay,  Inc. 

99-9$ 

^p0 

Research  Chemical,  Inc . 

99 .9# 

NdLO^ 

Research  Chemical,  Inc. 

99- 9# 

Ba°33 

-  J.  T.  Baker  Co.,  purified,  anhydrous 
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The  major  constituents  of  a  batch  (i.e.  BaCO^,  TagOc,,  BoO^,  -2^3  or  LugO^)  were 
blended  together  and  slowly  fired  to  about  90C^C.  The  loosely  sintered  products 
were  then  broken  up  and  melted  into  platinum  crucibles  using  induction  heating, 
the  crucibles  serving  as  susceptors.  In  instances  where  crystals  were  to  be  doped 
with  Gd_,Oy,  YbpC^,  or  NdgO^,  the  desired  amounts  of  the  latter  oxides  were  added  to 
the  crucibles  prior  to  placing  in  the  crystal  growth  furnaces. 

During  the  process  of  melting  the  chargee  into  the  crucibles  a  signigicant 
effect  was  observed:  when  the  changes  were  heated  to  temperature  considerably  above 
the  liquidus,  a  clear  melt  was  not  obtained;  rather,  second  phase  particles  could 
be  observed  at  the  surface.  Liquids  above  the  perovskite  field  cannot  be  cooled  to 
glasses.  Since  it  would  be  instructive  to  observe  these  second  phase  particles  in 
glasses,  compositions  in  the  BaTagOg  and  the  Ba^Ta^O-^  primary  fields,  closely 
adjacent  to  the  perovskite  field  but  which  can  be  cooled  to  glasses,  were  prepared 
in  50  gram  batches  and  similarly  melted  into  platinum  crucibles,  and  their  melts 
observed.  The  surfaces  of  these  melts  also  appeared  two-phase  well  above  the 
liquidus  temperature.  When  the  melt  was  rapidly  cooled  the  particles  would  appear 
to  be  redissolved  in  the  cooling  liquid,  while  a  few  would  settle  to  the  bottom  of 
the  crucible  and  be  retained  in  the  resulting  glass.  Due  to  the  very  small  volume 
fraction  and  small  size  of  the  particles  it  was  not  possible  to  obtain  X-ray  diffraction 
patterns  to  positively  identify  them.  However,  microscopic  examination  under  polarized 
light  indicated  them  to  be  cubic--  presumably  perovskite,  since  this  is  the  only  cubic 
phase  enountered  in  the  phase  diagram.  When  samples  of  these  glasses  were  sealed 
in  platinum  tubes  and  quenched  from  high  temperature,  no  trace  of  crystalline  material 
could  be  found  above  the  previously  determined  liquidus  temperature,  and  electron 
microscopy  of  fragments  of  the  quenched  glass  gave  no  indication  of  inhomogeneity. 

It  was  concluded  from  these  observations  that  the  surface  of  the  melt  in  an 
open  crucible  is  in  a  labile  (supersaturated)  state  although  the  bulk  may  be 
considerably  above  liquidus  temperature,  and  that  crystals  are  being  continuously 
nucleated  at  or  near  the  surface,  which  redissolve  when  convection  carries  them  into 
the  bulk  of  the  melt.  The  reason  for  the  labile  condition  of  the  surfs  is  assumed 
to  be  a  depletion  of  BgO^  and  local  cooling  caused  by  evaporation. 

Although  the  desirability  of  performing  the  crystal  growth  runs  in  completely 
sealed  crucibles  in  order  to  prevent  BgO^  loss  was  recognized,  this  was  not  practical 
considering  the  necessity  of  decanting  the  liquid.  After  the  crucibles  had  been 
charged,  the  perforated  platinum  lids  crimped  in  place,  and  the  crucibles  wired 
into  place  on  the  rotating  crucible  holders,  the  furnace  was  taken  rapidly  to  soak 
tempera '•■"re,  held  for  various  times,  and  slowly  cooled.  When  the  desired  temperature 
was  re,  the  liquid  was  decanted,  the  furnace  cooled  to  room  temperature,  and 

the  crystals  extracted.  The  doped  crystals  were  spectrochemically  analyzed  to 
determine  the  dopant  concentration. 
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Table  VIII  is  a  summary  of  the  slow  cooling  runs.  Crystals  of  Ba(YQ  ,  "uq  . )Cj, 
undoped,  and  doped  with  three  different  levels  of  Gd^*,  and  one  level  of  Nd  ar  d 
crystals  of  Ba(LuQ  ^Ta q  r)0^  doped  with  one  level  each  of  Gd8+  and  Yb-^+  were  obtained. 
Also,,  crystals  of  Befl^Og  and  Ba^Tal|Qp^  were  obtained  when  the  melts  were  p  •milted 
to  cool  to  their  respective  boundary  curves,  as  explained  below. 

The  first  run  composition,  sample  65-059*  was  selected  to  lie  directly  between 
the  perovskite  composition  and  the  low  melting  four-phase  equilibrium  composition. 

This  run  was  inadvertently  permitted  to  cool  to  955°C  before  being  decanted,  and  the 
resulting  crystal  yield  consisted  primarily  of  hexagonal  plates  of  Ba^Ta^O^ 5*,  some 
of  which  are  shown  jn  Fig.  17-  The  second  run,  sample  55-080,  somewhat  richer  in 
YTaO^,  and  decanted  at  1040°C  resulted  in  about  80$  of  the  original  charge  having 
crystallized,  and  the  ciystals  appeared  to  consist  primarily  of  B  CA  5TaU°i5* 

This  unexpected  result  suggested  that  loss  of  £>2^^  from  the  melt  by 
vaporization  was  sufficient  to  alter  the  melt  composition  considerably.  Weight  loss 
measurements  were  made  (see  Appendix  III)  which  indicated  a  loss  from  the  50  ml 
melts  of  about  one  gram  per  day  in  the  tempera, ture  region  where  the  crystal  growth 
runs  were  made.  How  such  a  B2O3  loss  affected  the  crystallization  path  of  sample 
65-O8O  is  indicated  graphically  in  Fig.  18.  The  actual  crystallization  path 
(locus  of  liquid  compositions)  bends  away  from  the  B2O3  apex  and  interacts  the 
Ba(Yo. 5^30. 5)03-Ba^ra40ic  boundary  curve  somewhat  above  1100°C,  at  which  point 
the  latter  p> \se  begins  to  grew.  The  crystallization  path  after  the  liquid  compo  ition 
reaches  the  aforementioned  boundary  curve  has  not  been  determined;  since  the 
system  BaO-YTaOii-BpO^  is  not  a  true  ternary,  the  phase  compositions  are  not  con¬ 
strained  ^o  this  join.  However,  the  amount  of  Ba^TatOp^  that  crystallized  in  run 
65-O8O  suggests  that  the  increase  in  concentration  of  the  Ba^Ta^Op^  phase  with 
decreasing  temperature  is  great;  and  that  if  perovskite  crystals  are  to  be  easily 
recovered,  the  liquid  composition  must  not  be  permitted  to  reach  the  Ba^TaiiOp^- 
Ba(YQ  ^Tao.^)0~  ’indary  curve. 

In  all  subsequent  slow  cooling  runs  the  B2O3  loss  was  compensated  b>  using 
starting  compositions  to  the  right  of  the  line  between  Ba^Q^TaQ  u^Op  and  the  four- 
phase  equilibrium  point  on  Figs.  11  and  12,  and/or  by  decanting  at  higher  temperatures. 
These  runs  yielded  crystals  of  the  desired  perovskite  phase  only,  with  one  exception 
that  will  be  mentioned  later. 


*Spectrochemical  analyses  of  these  crystals  gave  a  composition  about  Ba^Ta-^Bp  ,Ji  p  ^ 
indicating  that  some  boron  and  yttrium  can  go  into  solution  at  the  expense  of 
tantalum.  The  formula  Ba^Ta^Op^  will  be  used  for  convenience. 
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The  crystals  that  were  recovered  appeared  to  be  ol  two  types:  1)  those  that 
bad  nucleated  and  grown  on  the  crucible  wails  and  ?.)  those  which  had  apparently 
nun  lea  ed  at  the  surface  or  in  the  bulk  and  had  grown  to  sufficient  size  to  sink 
to  the  bottom  where  they  continued  to  grow.  Figure  19  is  a  photograph  of  sample 
bh-11^4  shoeing  the  two  types  of  crystals  obtained  after  the  liquid  had  been  decanted 

Figure  ?G  is  a  photograph  of  some  of  the  extracted  perovskite  crystals  from 
this  run  which  show  more  clearly  the  size  and  habit  of  the  crystals.  Spec t roc hemical 
analyses  of  these  crystals  showed  no  lines  for  boron,  indicating  that  the  boron  con¬ 
centration  is  below  that  which  can  be  detected  by  routine  spectrorhemical  analyses, 
i.e.  less  than  about  0.05  weight  percent. 

In  some  of  the  runs  the  weight  of  perovskite  crystals  recovered  was  less  than 
that  predicted  by  the  phase  diagram.  From  this  it  is  inferred  that  many  small 
crystals  were  suspended  in  the  liquid  and  were  poured  off  with  it.  In  run  65-I35 
when  the  crucible  was  inverted,  the  holes  in  the  crucible  cover  became  clogged, 
presumably  with  such  suspended  crystals,  preventing  some  of  the  liquid  from  being 
poured  off. 

There  was  relatively  lower  loss  of  from  the  larger  crucibles  due  to  the 

lower  surface  to  hulk  ratio.  In  run  65-204,  the  furnace  was  cooled  too  far  before 

decanting,  so  that  the  liquid  composition  reached  the  BaTap0/—Ba( Y  cTa  ^)0 

X  <-0  Q  ■  y  0 .  p  u 

boundary  curves,  and  BaTa20g  solid  solution  crystals  as  well  as  perovskite  crystals 

were  recovered.  The  habit  of  the  BaTagO^  crystals  is  seen  in  Fig.  21. 

The  largest  crystals  were  obtained  from  the  250  ml  runs  at  the  slowest  cooling 
rates  in  which  crystals  of  Ba(YQ  TaQ  )0^  doped  with  Gd^+  (sample  65-245)  and  Nd^+ 
^sample  65-247)  were  grown  up  to  one-half  centimeter  on  edge.  Some  Nd-  +  doped  crystals, 
polished  for  optical  absorption  measurements,  are  shown  in  Fig.  22. 

The  difficulties  in  obtaining  large  single  crystals  of  these  compounds  are 
inherent  in  the  phase  systems,  namely  the  steep  slope  of  the  liquidus  surface  and 
the  apparently  very  narrow  range  of  undercooling  above  the  perovskite  field,  and 
the  tendency  for  loss  of  BgO  from  the  melts  which  causes  changes  in  melt  composition 
and  possibly  permits  the  melt  surface  to  become  labile.  These  conditions  make  con¬ 
i'  rol  of  nucleation  difficult  with  the  result  that  in  all  the  slow  cooling  runs  many 
nuclei  formed.  These  problems  however  do  not  appear  insurmountable.  It  is  probable 


*Spectrochemical  analyses  of  these  crystals  gave  the  approximate  composition 
Ba"a1.86Y0.20B0.06°6' 
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that  in  crucibles  sealed  to  prevent  BgO,,  loss,  using  slower  cooling  rates  and  finer 
temperature  control  than  were  available^in  the  present  study,  that  large.*--  high 
quality  crystals  could  be  grown  by  this  technique. 


Gradient  Growth  Experiments 


Growth  of  oxide  crystals  from  a  flux  in  a  temperature  gradient  have  been  demon 
strated  by  Laudise,  Linar -s,  and  Dearborn  (Ref.  20}  who  grew  Y^Fe^O^  from  a  BsC'-BpO^ 
flux  on  a  seed  crystal  suspended  below  the  melt  surface,  and  by  Lliare^  (Ref.  21), 
who  grew  Y^Fe^O^  from  a  similar  flux  system  by  slowly  withdrawing  a  rotating  need 
placed  in  contact  with  the  saturated  melt  surface.  The  latte"  technique  offers  the 
advantage  that  larger  crystals  can  be  obtained  than  in  the  case  for  otheT'  flux 
techniques . 

On  both  of  the  above  methods,  an  excess  of  nutrient  material  (i.e.  material  of 
the  composition  to  he  grown)  is  available  in  the  bottom  of  the  crucible,  which  is 
maintained  at  a  higher  temperature  than  the  surface  of  the  melt.  When  the  seed 
crystal  is  placed  in  the  cooler  region  of  the  crucible,  some  of  the  nutrient  dissolves, 
is  transported  by  diffusion  rhrough  the  flux,  and  deposits  on  the  seed. 

These  techniques  appear  to  he  appropriate  for  the  growth  of  perovskite  crystals 
from  a  B20  flux.  A  crystal  pulling  mechanism,  capable  of  pulling  speeds  continuously 
variable  between  0.01  cm  per  hour  and  10  cm  per  hour  and  rotation  speeds  between 
0  and  600  rpm  was  built .  A  photograph  of  the  crystal  puller  and  gradient  furnace 
is  shown  in  Fig.  23  Furnace  control  unius  wei'e  similar  to  those  described  earlier 
for  the  decanting  furnaces.  Earlier  failure  to  obtain  suitable  seed  crystals  delayed 
gradient  growth  experiments  until  the  final  months  of  work  on  the  contract. 

Strontium  titanate  seed  crystals  were  used  in  the  first  experiments.  A  30  ml 
crucible,  previously  charged  with  about  200  grams  composition  BaO :YTa0^ iBgO^ 

52. 2:35. 3:12. 5  weight  percent,  was  positioned  in  the  furnace  so  as  to  maintain 'the 
surface  about  40°C  cooler  than  rhe  bottom  of  the  crucible.  (The  temperature  prof  le 
down  the  center  of  the  crucible  was  obtained  by  probing  the  melt  with  a  Pt-Pt,  10  Rr 
thermocouple . ) 


The  strontium  titanate  seeds  were  introduced  into  the  melt  surface  after  the 
melt  had  been  at  temperature  for  progressively  longer  periods  of  time.  It  was 
found  that  even  after  a  soak  period  of  ninety-six  hours  the  seed  crystals  dissolved 
in  the  melt.  From  this  it  was  concluded  that  strontium  titanate  has  a  considerable 
solubility  in  the  melt,  even  though  the  latter  is  saturated  with  Ba(>'  Ta  )0  , 

u  •  p  U  •  j  Q 

and  was  therefore  unsuitable  as  a  seed  material. 
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An  experiment  was  performed  similar  to  the  one  described  above,  with  the  exception 
that  Ba(Y  Ta^  )0  seed  crystals  were  used.  When  the  seed  was  introduced  after  a 
four-hour  s3ak  period,  it.  promptly  dissolved,  indicating  that  the  melt  surface  was 
not  yet  saturated.  After  an  additional  twenty  hours  c-f  soak  time,  another  seed  was 
introduced.  Although  it  was  difficult  to  distinguish  features  of  the  melt  surface, 
there  appeared  to  be  an  initial  dendritic  growth  from  the  seed  when  it  contacted  the 
melt  surface.  Once  the  seed  came  inro  thermal  equilibrium  with  the  melt  it  was  not 
possible  to  observe  the  details  of  the  melt-seed  interface. 

Since  there  was  .ow  evidence  of  super saturation  at  the  melt  surface,  the  seed 
was  withdrawn  at  a  rate  of  1  mm  per  day  with  a  rotation  rate  of  about  60  rpm.  After 
five  days,  considerable  growth  on  the  seed  was  evident,  but  it  appeared  that  the 
crystal  was  no  longer  in  contact  with  the  melt.  Also,  it  was  observed  that  crystals 
had  nucleated  on  the  crucible  wall  and  grown  out  on  the  melt  surface  about  one-half 
inch.  The  position  of  the  melt  surface  within  the  crucible  was  two  or  three  millimeters 
below  its  original  position,  indicating  loss  of  material  not  accounted  for  by  material 
withdrawn  on  the  seed.  This  material  loss  is  due  to  two  factors:  l)  vaporization  of 
from  the  melt  as  mentioned  earlier,  and  2)  crawling  of  melt  over  the  lip  and  down 
the  outside  of  the  crucible. 

Figure  2b  shows  two  enlarged  views  of  the  material  withdrawn.  The  material  is 
polycrystalline,  the  crystallites  becoming  larger  and  clearer  toward  the  circum¬ 
ference.  There  was  little  growth  downward  into  the  melt,  but  mostly  outward  on 
the  melt  surface  resulting,  as  the  seed  was  withdrawn,  in  the  lens-like  cavity  on 
the  underside  as  shown  in  Fig.  2b. 


The  above  experiment  demonstrated  that  Ba(Y^  Ta^  )0^  could  he  grown  on  a 
seed  by  transfer  across  a  gradient,  but  that  the(  "'gradient  across  the  melt  may 
have  been  too  steep  resulting  in  too  high  a  super saturation  of  the  melt  surface 


which  resulted  in  spontaneous  nucleation  on  the  crucible  walls  and  possibly  initial 
dendritic  or  polycry staiiine  deposition  on  the  seed  crystal.  A  second  experiment 
was  performed  using  a  different  crucible  arrangement.  In  this  case  a  100  mil  plat¬ 
inum  crucible,  fitted  with  a  lid  to  reflect  heat  back  to  the  melt  surface  was  used. 
A  400  gram  charge  of  composition  BaOiYTaO^iBgO^  -  52:35:13  was  equilibrated  for  20 
hours.  The  temperature  difference  across  the  melt  was  found  to  be  20°C.  A 


Ba(Y0.5Tao  5)03 

surface  ana  rot 


seed  crystal  was  then  suspended  about  one  centimeter  below  tb.e  melt 
ated  about  200  rpm,  hut  not  withdrawn  from  the  melt.  Af ;er  three 


days,  an  examination  disclosed  that  the  seed  had  dissolved,  while  a  poly cry staiiine 


deposit  had  grown  on  the  platinum  seed  holder  at  the  melt  surface,  indicating  that 


again  the  melt  surface  was  supersaturated  to  the  extent  that  spontaneous  nucleation 
could  occur  on  a  platinum  surface. 
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The  crucible  was  then  repositioned  in  the  furnace  so  as  to  give  a  ver\  s-  .all 
gradient  across  the  melt,  and  the  temperature  profile  was  probed;  the  resulting 
temperature  profile  is  shown  in  Fig.  25,  -  hich  shows  that  melt  surface,  on  axis, 
was  8  C  cooler  than  the  bottom  of  the  crucible.  Another  seed  crystal  was  mounted 
on  the  puller  and  lowered  into  the  melt  surface.  After  one  hours  time  the  seed 
was  withdrawn  and  examined;  no  polycrystalline  growth  was  evident  on  the  seed  or  the 
platinum  support  wire.  The  seed  was  again  lowered  into  the  melt  surface,  rotated 
at  about  100  rpm  and  withdrawn  at  a  rate  of  0.0025  in. /hr.  After  18  hr  the  seed 
was  again  withdrawn  and  examined.  Single  crystal  growth  had  occurred  on  the  seed 
resulting  in  the  faceted  crystal,  shown  in  Fig.  26a.  The  crystal  was  returned  to 
the  melt,  and  growth  was  continued  under  the  same  conditions  for  an  additional  four 
days.  At  the  end  of  that  period  the  crystal  had  the  appearance  shown  in  Fig.  26b. 

It  was  estimated  on  the  basis  of  the  increase  in  the  size  of  the  crystal  during 
the  four  day  growth  period  that  the  linear  growth  rate  under  these  conditions  was 
on  the  order  of  0.025  mm/hr» 

From  these  experiments  it  may  be  concluded  that  the  technique  of  growth  on  a 
seed  by  temperature  gradient  transport  is  applicable  to  the  growth  of  Ba(Y^  ^Ta  ,0-^, 
and  probably  to  the  other  perovskite  phases  studied  in  this  investigation  as  we5l?  A 
very  small  thermal  gradient  across  the  melt  must  be  employed.  A  temperature  gradient 
of  1.5°C/cm  permits  growth  on  the  seed  to  proceed  at  about  0.025  mm/hr.  A  melt 
surface  8°C  cooler  than  the  nutrient  is  not  critically  supersaturated  and  spontaneous 
uucleation  does  not  occur.  However,  a  melt  surface  20°C  cooler  than  the  nutrient 
will  promote  spontaneous  nucleation  and  polycrystalline  growth.  A  precise  value  of 
the  critical  undercooling  has  not  been  determined  and  probably  varies  with  composition. 


OPTICAL  MEASUREMENTS 


This  section  describes  the  apparatus,  techniques,  and  some  results  of  experi¬ 
mental  observations  of  optical  measurements  taken  on  powders  of  doped  Ba(BQ  _B;/  )0 

type  phases  and  a  single  crystal  of  doped  Ba(YQ  ^TaQ  )0  .  With  the  equip^en 

presently  available,  optical  absorption  spectra  and  absorption  coefficients  can  be 
obtained  on  clear  single  crystals.  Fluorescence  emission  spectra,  the  line  width 
of  each  prominent  fluorescing  line,  and  the  lifetime  of  the  prominent  fluorescing 
state  can  be  obtained  on  either  single  crystals  or  finely  ground  powders.  All  of 


these  measurements  may  be  carried  out  at  both  room  temperature  and  liquid  nitrogen 
temperature . 
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Apparatus  and  Procedure 

£he  UAC  Research  Laboratories'  Carv  Model  l4  spectrophotometer  covers  tre 
1660  A  to  2.65 jj~  spectral  range  with  automatic  range  change  for  switching  ■•■he  high- 
intensity  hydrogen  lamp  in  the  ultraviolet,  a  high -intensity  tungsten  lamp  in  the 
visible  range,  and  a  separate  tungsten  lagp  for  the  infrared  region.  The  resolving 
power  of  the  Modgl  14  is  better  than  1.0  A  in  the  ultraviolet-visible  -region  and 
better  than  3*0  A  ig  much  of  the  near  infrared.  The  wavelength  scale  le  accurate 
to  better  than  4.0  A  with  a  reproducibility  better  than  0.5  A,  The  photometric 
circuit  and  signal  identification  system  is  phototube  shot-noise  limited  to  give 
optimum  signal-to-noise  ratio.  This  instrument  employs  a  double  monochromator 
consisting  of  a  30  fused  silica  prism  in  series  with  a  600  line/mm  echelebte  grating, 
each  with  its  own  collimating  mirrors  and  slit  system.  This  combination  of  dispersing 
elements  provides  the  high  resolving  power  and  low  temperature  coefficient  which  are 
available  with  the  grating  at  long  wavelengths  and  at  the  same  time  retains  the  high 
optical  efficiency  and  low  scattered  light  characteristic  of  the  prism  monochromator. 
Both  halves  of  the  monochromator  operate  with  an  aperture  ratio  of  f/8,  the  focal 
lengths  being  30  cm  for  the  prism  collimator  and  40  cm  for  the  grating  collimator. 

The  monochromator  has  2-cm  long  slits,  leading  to  high  light  gathering  power. 

The  spectrophotometer  is  utilized  for  performing  transmission,  absorption,  and 
reflectivity  investigations  of  crystals  and  dielectric  reflecting  coatings.  Its 
optical  measurement  capabilities  have  recently  been  greatly  expanded.  The  Cany 
spectrophotometer  has  been  fitted  with  additional  apparatus  to  allow  continuous 
recording  of  fluorescence  emission  spectra  of  crystal  or  powder  samples.  An  RCA 
7102  photomultiplier  detector  having  an  S-l  spectral  response  is  used  to  provide 
the  recorder  signal  for  this  mode  of  operation.  This  detector  is  cooled  near  liquid 
nitrogen  temperature  to  reduce  thermal  noise  when  maxigum  gain  is  required.  This 
allows  observation  of  fluorescence  emission  from  2000  A  to  1.2  microns  wavelength. 

A  200  watt  mercury-xenon  arc  lamp  is  used  as  an  excitation  radiation  source  lamp.  A 
set  of  multiple-dielectric  interference  filters,  in  addition  to  glass  and  liquid 
filters,  is  employed  to  control  the  band  pass  of  the  pump  light. 

An  additional  source  for  use  in  determining  average  lifetimes  of  excited  states 
of  impurity  ion  electrons  has  been  constructed.  It  consists  of  a  high-pressure  xenon 
flash  lamp  and  power  supply  designed  to  give  it  peak  light  output  for  6  microseconds 
and  decay  to  less  than  one-third  that  intensity  in  less  than  a  microsecond.  The 
intensity  decay  of  the  source  lamp  and  of  the  sample  fluorescence  line  are  displayed 
on  a  dual -beam  oscilloscope  screen.  Two  special  dewars  to  cool  sample  materials 
have  been  designed  and  fabricated  so  that  optical  absorption,  fluorescence,  and  life¬ 
time  measurements  can  be  made  at  temperatures  down  to  77°K • 
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For  optical  absorption  measurements  the  Cary  can  be  used  in  its  normal  mode 
of  operation  as  a  double  monochromator.  Single  crystal  samples  with  a  diamete^  of 
5  mm  or  more  and  thickness  from  several  millimeters  to  several  centimeters 
depending  on  the  impurity  ion  concentration)  can  be  readily  investigated.  The  unit 
is  calibrated  to  read  directly  in  absorption  units  with  four  different  scale  ranges: 
0-0.1,  0. 1-0.2,  0-1,  and  1-2.  Absorption  or  density  units  are  defined  in  terms  of 
the  transmission  as  the  logarithm  of  the  reciprocal  transmission.  The  sample  is 
ground  with  reasonably  flat  and  parallel  ends  and  is  positioned  so  that  one  of  the 
monochromator  beams  must  pass  entirely  through  it.  An  SF28  photomultiplier,  a 
thermopile,  and  a  lead  sulfide  cell  serve  as  detectors  over  different  portions  of 
the  spectrum.  Thus  the  absorption  bands  and  absorption  coefficients  of  optical 
quality  crystals  may  be  easily  found  in  the  near  ultraviolet,  visible,  and  near 
infrared  spectral  regions. 

Fluorescence  emission  spectra  are  obtained  by  front  lighting  the  sample  and 
detecting  the  selected  emitted  light  with  a  cooled  7102  photomultiplier  tube 
connected  to  the  Gary  amplifier  chain.  The  detector  is  also  electrostatically  and 
magnetically  shielded.  The  d-c  excited  Hanovia  source  arc  is  imaged  upon  the  sample 
at  angles  several  degrees  off  axis  to  the  Cary  optics  and  the  normal  of  the  sample 
face.  This  is  accomplished  by  a  front-surface  spherical  condensing  mirror  with  a 
central  window.  Fluorescence  emission  which  leaves  essentially  normal  to  the  sample 
face  is  then  collected  and  analysed  in  the  instrument. 

This  system  is  ideally  suited  for  the  use  of  powder  samples  because  only  the 
front  surface  is  illuminated  and  little  transmission  of  excitation  or  emitted  radiation 
through  the  sample  medium  is  required.  These  samples  are  prepared  either  as  a  com¬ 
pressed  tablet  or  as  an  opaque  coating  on  a  glass  microscope  slide.  A  sample  under 
observation  is  held  in  contact  with  an  aim  of  a  stainless  steel  dewar  with  silicon 
grease.  Combinations  of  liquid,  colored  glass,  and  multiple  dielectric  interference 
filters  are  used  to  select  the  pump  light  band  pass.  An  alternative  method  of 
selecting  excitation  wavelengths  is  to  use  a  second  monochromator  system  as  Murphy 
et  al  do  (Ref.  7  ).  Such  an  arrangement  was  tried  but  the  Baush  and  Lomb  instrument, 
used  was  not  optically  fast  enough  to  be  efficient  in  this  application.  Copper  and 
nickel  sulfate  solutions  have  been  found  to  be  useful  absorbers  in  the  long  wave¬ 
length  visible  and  infrared. 

It  was  found  that  the  Cary  instrument  lacked  sensitivity  in  recording  fluorescence 
emission,  and  that  large  slit  widths  (up  to  3  mm)  were  required  to  obtain  some  of 
the  data.  A  separate  study  revealed  that  the  emission  lines  were  often  severely 
broadened  due  to  instrumental  effects  end  that  the  resolution  of  fine  structure  was 
poor.  In  order  to  obtain  additional  information  about  some  of  the  samples,  a  Jarreix- 
Ash  0.5  meter  grating  monochromator  with  variable  curved  slits  was  used.  A  selected 
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low-noise  EMI  955$  photomultiplier  tube  with  S-20  response  served  as  the  detector, 
snd  slit  widths  varied  from  5  to  20  microns.  More  nearly  "true"  line  profiles  were 
recorded  on  an  x-y  recorder  with  this  apparatus  coupled  optically  to  the  fluorescence 
attachment  off  of  the  Cary.  Since  neither  photomultiplier  detector  responded  to 
radiation  beyond  1.3  micron  wavelength,  a  lead  sulfide  cell  was  substituted  in  the  Cary 

"3  3 -f- 

to  look  for  ErJ  and  Ho  emission.  The  sensitivity  of  two  such  cells  was  found  to 
be  too  low  for  this  application  even  with  the  addition  of  several  high  gain  signal 
amplifiers. 

For  lifetime  measurements  the  sample  is  held  the  same  way  as  above,  but  the  arc 
lamp  is  removed  and  an  E.G.  and  G.  FX-12  xenon  flash  tube  is  substituted  in  its 
position.  It  is  fired  at  1000-2000  volts  with  1*5-6  joules  input.  Its  output 
spike  is  very  sharp,  but  the  afterglow  has  about  a  35/<sec  duration.  However,  even 
this  can  be  neglected  in  view  of  the  much  greater  excited  state  lifetimes.  The 
7102  signal  is  then  fed  directly  to  a  Tektronix  55-  oscilloscope  and  both  the  decay 
of  the  source  light  and  the  decay  of  the  sample  emission  at  a  particular  wavelength 
setting  are  recorded  on  a  Polaroid  Land  print.  The  average  lifetime  is  then  measured 
as  the  sweep  time  required  for  an  intensity  fall  of  one  logarithmic  decrement. 

Additional  data  were  obtained  with  the  fluorescence  attachment  removed  from  the 
Cary  and  the  detector  mounted  in  a  light-tight  enclosure  at  the  exit  window  of  the 
attachment.  With  a  suitable  combination  of  short -wave length  pass  filters  at  the 
source  and  long-wavelength  pass  filters  at  the  detector,  only  the  pump  light  could 
reach  the  sample  and  only  the  emitted  radiation  was  seen  by  the  detector.  This 
arrangement  provided  a  much  greater  signal  level  and  both  the  7102  and  FbS  detectors 
could  be  used  to  observe  fluorescent  decay. 


Optical  Measurement  Data  on  Powders  of  Perovskite-Type  Phases 

Preliminary  data  were  obtained  initially  to  check  out  the  accuracy  and  reliability 
of  the  instrumentation  and  procedures.  A  set  of  measurements  of  absorption  coefficient, 
spectral  wavelength,  line  width,  and  lifetime  for  single  crystal  AlgO^:Cr^+  was  made 
and  compared  with  published  results.  Additional  measurements  on  a  powder  sample  of 
the  same  composition  which  was  prepared  here  were  made  to  make  a  comparison  of  the 
fluorescing  properties.  Only  small  differences  were  noted  between  the  single  crystal 
and  powder  samples.  Similar  data  were  taken  with  Nd^+  doped  barium  crown  glass  and 
borate  glass  and  were  also  found  to  agree  with  other  work  (Refs.  22  23  24,  and  25;. 

Figure  27  shows  the  optical  absorption  spectrum  of  a  crystal  of  Ba(YQ  TaQ  , )0o 
over  the  wavelength  range  0.30  to  1.20  a  at  both  77  and  300°K.  This  sample  was* 
several  millimeters  square  by  about  one  millimeter  thick.  The  difference  in  the 
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.bsorbance  range  between  the  two  curves  is  ^ne  primarily  to  adjustment  and  alignment 
f  the  sample  and  reference  apertures  with  the  two  sample  holders  used.  The  crystal 
as  very  lightly  doped  vith  Nd^+  and  did  not  exhibit  well-defined  impurity  ion 
bsorption  properties  or  fluorescence  emission.  Its  absorption  trace  was  observed  to 
ake  on  more  structure  at  liquid  nitrogen  temperature  than  at  room  temperature . 

The  fluorescence  emission  data  for  Nd^+  in  the  first  set  of  perovskite-type 
cvders  are  summarized  in  Table  IX.  In  most  instances  the  fluorescence  lines  are 
road.  When  they  overlap  significantly  no  half-intensity  point  line  widths  are 
Lsted.  A  representative  spectrophotometer  tracing  from  which  the  numbers  were 
iken  is  illustrated  in  Fig.  28.  £  powder  sample  of  Ba(Sc  j^gNd  Q2Ta  ^0)0  shows  the 

ransitions  F3/2  ^9/2  t0  ^11/2  aPPearinS  at  O.877  and  1.060^  }  respectively,, 

t  room  temperature.  Otner  trivalent  neodymium  doped  perovskites  exhibited  slight 
aifts  in  the  position  of  the  dominant  line  and  changes  in  fine  structure  and  intensity, 
iso,  the  temperature  dependence  of  these  properties  varied  from  one  sample  to  another 
5  noted  in  Table  IX. 

3+ 

An  example  of  another  rare  earth  dopant  is  found  in  Fig.  29.  Here  Yb  produced 
relatively  intense  line  near  its  characteristic  1.01,0.  output  and  a  second  well- 
efj.ned  shorter  wavelength  line  when  the  Ba(YQ  ^oYb0  02Ta0  50^3  samPle  was  cooled 
o  77°K.  At  roan  temperature,  however,  the  total  intensity  decreased  considerably 
ad  the  distinct  lines  merged  together.  Other  rare  earth  ions  (eg.  Pr3+,  Er^+,  Ho34; 
m^+,  and  Tm-^4)  in  perovskite  hosts  were  studied  briefly  with  varying  success. 

3+ 

A  powder  sample  which  fluoresces  well  with  a  Cr  impurity  ion  concentration 
s  illustrated  in  Fig.  30*  It  is  readily  noticed  that  the  emitted  lines  vary  in 
elative  intensity  with  temperature,  and  the  data  compiled  in  Table  IX  for  K  (A1q  •98^r0.02^ 
Iso  show  a  shifting  of  line  position  and  line  width  with  decreasing  temperature, 
igure  31  illustrates  the  fluorescence  emission  lines  of  a  Zn(Al1  ^qCtq  P°wder 

ample  at  two  different  temperatures.  The  relative  intensities  and  line  widths 
hanged  slightly  as  a  function  of  temperature.  The  overall  intensity  of  the  fluorescence 
ncreased  with  a  drop  in  temperature  and  appeared  to  be  quite  strong,  about  one-third 
f  the  peak  output  intensity  of  a  ruby  rod  sample.  The  complex  structure  of  the 
pectral  output  is  summarized  in  Table  IX  but  it  has  not  been  fully  analyzed  in 
enns  of  crystal  field  splittings  of  the  trivalent  chromium  R-lines.  Samples  doped 
ith  other  transition  metal  ions,  such  as  nickel  and  iron,  did  not  show  any  well- 
e fined  fluorescence. 

The  excited  state  lifetimes  of  the  impurity  ion  electrons  are  summarized  in  Table 
These  represent  approximately  average  spontaneous  emission  values  as  determined 
rcm  the  decay  rates  of  the  dominant  fluorescent  lines.  Some  of  these  rate  curves  were 
est  fit  by  a  sum  of  exponential  terms  in  place  of  a  single,  simple  exponential  function. 
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Discussion  of  Results 

Although  the  fluorescence  lines  from  many  of  these  samples  are  relatively 
broad,  this  fact  alone  does  not  detract  from  their  potential  use  as  laser  hosts.  A 
very  important  consideration  in  this  study  is  the  energy  storage  capability  of  a 
a  given  system,  which  is  proportional  to  several  factors'. 

Energy  storage  OC  V1  &V  T 

The  frequency  of  the  emitted  rad  .at ion  1/,  the  line  width  Av,  and  the  lifetime  T, 
must  be  considered  together  for  system  optimization.  The  latter  two  factors  have  been 
of  primary  interest  in  this  study  of  new  materials. 

While  the  lifetimes  measured  on  powders  of  some  of  the  NdJ  doped  Ba(BQ  ^TaQ  ^)0y 
type  phases  are  longer  than  those  reported  for  most  other  Nd^+  doped  phases,  the  life¬ 
times  were  not  as  long  as  was  expected  for  Nd'5  situated  in  a  cubic  centrosymmetric 
crystallographic  site.  (See  Table  X).  This  may  be  due  to  the  difficulty  in  obtaining 
complete  ordering  of  the  B  ions  which  is  necessary  for  the  B  sites  to  remain  centro¬ 
symmetric.  While  there  is  no  X-ray  evidence  of  disorder  in  the  other  phases  of  this 
series,  electron  paramagnetic  resonance,  which  is  a  much  more  sensitive  measurement, 
did  indicate  some  disorder  in  Gd^  doped  crystals  of  Ba(YQ  ^TaQ  ,-)0y  Therefore,  it 
is  felt  that  if  increased  ordering  can  be  obtained  by  careful  control  of  crystal 
growth  conditions  the  lifetimes  also  can  be  increased.  Since  most  of  the  crystals 
were  grown  in  the  latter  part  of  the  contract,  this  hypothesis  could  not  be  tested. 

1+  2+  1+ 

Fluorescence  was  not  detected  in  CrJ  ,  Ni  and  FeJ  doped  samples  of  perovskite- 
type  phases,  However,  only  preliminary  studies  were  conducted.  Since  the  ionic 
radii  of  Cr^+  was  not  particularly  suitable  for  substituting  for  the  large  trivalent 
ions  required  in  these  phases  to  cause  ordering,  it  is  not  surprising  that  its 
fluorescence  was  not  observed. 

Initial  studies  on  non-perovskite  phases  indicate  that  compounds  with  the  spinel 
structure  may  be  much  more  suitable  for  Cr-^  doping.  The  lifetime  of  Cr  in  ZnAlgO^ 
for  example,  was  found  to  be  5200/*  sec.  The  optical  data  obtained  using  powder  sample 
and  the  techniques  described  permit  a  relatively  rapid  survey  of  crystalline  host 
and  impurity  properties  which  are  useful  in  selecting  potential  laser  materials. 
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TABLE  I 


X-ray  Data  for  Distorted,  Ordered  Perovskite-Type  Compounds 


Ba(La0>5Ta0#5)03  Ba(Gd0. 5Tao. 5)03  ^ 

a0=8.6ll,  b0=8.639,  c0»8.764  X  &o=  8,487,  c0=  80I3  A 


hkl  (obs.) 

d  obs.,  X 

i/lo 

hkl  (obs.) 

^  obs.,  X 

0 

M 

M 

1 

Ill 

5.00 

40 

Ill 

4.90 

30 

200,020 

4.32 

40 

200 

4.25 

30 

220 

3.05 

100 

220 

3.00 

100 

311 

2.60 

30 

311 

2.555 

20 

222 

2.50 

10 

222 

2.450 

10 

4oo 

2.159 

70 

400 

2.122 

70 

420 

1.925 

20 

420 

1.894 

10 

422 

1.761 

80 

422 

1.732 

90 

333 

1.668 

20 

440 

1.501 

60 

404 

1.535 

30 

620 

1.341 

70 

440 

1.525 

60 

444 

1.225 

50 

260 

1.365 

60 

642 

1.134 

70 

444 

1.253 

20 

800 

1.060 

20 

326 

1.247 

30 

822,660 

0.999 

4o 

?64 

1.159 

40 

4o8 

O.95C/ 

20 

462 

1.154 

70 

840 

0.948 

1/0 

080 

1.080 

30 

646 

0.904 

30 

800 

1.076 

30 

448 

0.868 

30 

308 

1.024 

60 

644 

0.866 

40 

822 

1.016 

60 

2, 0, 10 

0.834 

30 

840 

0.964 

40 

10,2,0 

0.832 

80 

508 

0.924 

30 

U,2,10 

0.777 

50 

805 

0.918 

40 

10,2,4 

0.775 

80 

409 

0.887 

20 

484 

O.883 

20 

844 

0.882 

30 

10,1,1 

0.852 

20 

0, 10, 2 

0.847 

40 

10,0,2 

0.845 

70 

1,0,11 

0.793 

20 

1,1,11 

0.790 

20 

4,10,2 

0,789 

30 

10,4,2 

0.767 

30 

0,11,0 

0.785 

40 

11,0,0 

0.783 

20 
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TAELE  II 

X-ray  Data 

for  Cubic, 

Ordered  Perovs kite -Type  Compounds 

Ba(Dy0< 

5^0.5)03 

Ea(H0o, 

.5Ta0.5]°3 

8a(Y0< 

5TaO. 5)^3 

a  o_- 

8.454  A 

ao  = 

8.442  A 

a0  = 

8.433  A 

o 

0 

0 

hkl 

dobs  A 

I/Io 

dobs  A 

0 

M 

M 

dobs  A 

I/Io 

111 

4.88 

30 

4.88 

4o 

4,88 

4o 

200 

4.22 

30 

4.22 

30 

4.24 

10 

220 

2.98 

100 

2.98 

100 

2.98 

100 

311 

2.544 

10 

2.544 

20 

2.543 

30 

222 

2.445 

10 

2.438 

10 

2.430 

20 

400 

2.113 

80 

2.109 

80 

2.108 

70 

331 

1.934 

10 

1.930 

10 

420 

1.887 

20 

1.875 

10 

1.88 

<10 

422 

1.725 

90 

1.721 

90 

1.722 

80 

511,333 

1.622 

10 

1.624 

20 

440 

1,495 

60 

1.491 

70 

1.491 

60 

531 

1.426 

40 

1.424 

20 

600,442 

1.409 

30 

620 

1.337 

70 

1.335 

70 

1.335 

60 

533 

I.29 

«10 

622 

* 

444 

1.220 

50 

I.219 

30 

1.217 

40 

711,551 

1.183 

10 

1.18 

«10 

64o 

642 

1.130 

80 

1.127 

80 

1.127 

70 

731,553 

1.10 

<c  10 

800 

1.057 

30 

1.054 

30 

1.053 

20 

733 

1.03 

«10 

820,644 

822,660 

0.998 

50 

0.994 

70 

0.994 

50 

751=555 

0.974 

«  10 

662 

84o 

0.945 

4o 

0,944 

60 

0.942 

50 

911,753 

0.926 

«  10 

842 

664 

0.901 

4o 

0.900 

60 

0.899 

4o 

931 

0,885 

« 10 

844 

0.863 

50 

0.861 

70 

0,860 

50 

933,755,771 

0.848 

« 10 

10,0,0 

10,2,0; 862 

0.829 

80 

0,828 

90 

0.827 

70 

951,773 

0,815 

«  10 

10,2,2 

953 

0,787 

10 

0.787 

«10 

10,4,0; 864 

| 
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TABLE  II  (Contd.) 

Ba(Ero. 5180.5^03  Ba(Tmo, 5Tao. 5)03 

aQ  =  8.423  A  an  =  8.4o6  A 

Ba(  Ybo. 5^aO. 5^03 
an  =  8.^90  A 

600.442 


820,644 

822,660 


933,755,771 
10,0,0 
10,2,0; 862 


10,4  0; 864 
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TABLE  II  (Contd.) 


Ba(Lu<).  5180,5)03 
a0  =  8.372  X 

B®( Ino.5Tao.5)°3 
a0  =  8.280  X 

Sa  ( S  cq . ^Tsq , 5 ) °3 
a0  =  8.222  X 

0 

0 

0 

hid. 

dobs  A 

Vlo 

dobs  A 

^0 

dobs  A 

Vlo 

Ill 

4.7  6 

30 

4.75 

60 

200 

4.20 

50 

4.14 

30 

4.12 

<10 

220 

2.96 

100 

2.93 

100 

2.91 

100 

311 

2.501 

10 

2.478 

50 

222 

2.388 

10 

2.373 

4o 

4oo 

2.095 

70 

2.071 

80 

2.058 

80 

331 

1.90 

<10 

1.884 

30 

420 

1.869 

30 

1.850 

10 

422 

1.710 

90 

1.690 

90 

1.680 

90 

511,333 

1.591 

<  10 

1.582 

30 

44o 

1.48C 

60 

1.464 

70 

1.455 

70 

531 

1.399 

<10 

1.389 

30 

600,442 

1.396 

20 

1.378 

<10 

620 

1.324 

60 

1.308 

70 

1.302 

70 

533 

«10 

622 

444 

1.209 

4o 

1.195 

50 

1.188 

4o 

711,551 

1.153 

10 

640 

642 

1.120 

70 

I.105 

80 

1.099 

80 

731,553 

I.070 

10 

800 

1.046 

30 

1.035 

40 

1.029 

20 

733 

820,644 

822,660 

0.986 

50 

0.976 

60 

0.969 

60 

751,555 

<*"-10 

662 

84o 

0.936 

50 

0.926 

60 

0.919 

50 

911,753 

«10 

842 

664 

0.892 

40 

0.882 

50 

0.877 

40 

931 

«  10 

844 

0,854 

50 

0.845 

60 

0.839 

60 

933,755,771 

«  10 

10,0,0 

10,2,0;862 

0.821 

80 

0.812 

90 

0.806 

90 

951,773 

0.795 

10 

10,2,2 

953 

10,4,0; 864 

0.777 

10 
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TABLE  II 


Ba(Lu0,5Ta0.5)°3 
a0  =  8.372  % 


hitl 

0 

dobs  A 

i/i0 

111 

200 

4.20 

50 

220 

2.96 

100 

311 

222 

koo 

2.095 

70 

331 

420 

1.869 

30 

422 

511,333 

1.710 

90 

44o 

1.48C 

60 

531 

600,442 

1.396 

20 

620 

1.324 

60 

533 

622 

444 

1.209 

40 

711,551 

640 

642 

731,553 

1.120 

70 

800 

1.046 

30 

733 

820,644 

822*660 

751,555 

0.986 

50 

662 

840 

911,753 

0.936 

50 

842 

664 

0.892 

40 

931 

844 

0,854 

50 

33,755,771 

10,0,0 

LO, 2,0; 862 

0,821 

80 

951,773 

10,2,2 

953 

10,4,0; 864  0.777  10 


(Contd. ) 


Ba( In 0< 
a0  = 

,5Ta0.5^°3 
8.280  A 

Ba^c^ 

ao  = 

,5Ta0.5^°3 
8.222  A 

0 

0 

dobs  A 

JAo 

dODS  A 

4.76 

30 

4.75 

60 

4.14 

30 

4,12 

<10 

2.93 

100 

2.91 

100 

2.501 

10 

2.478 

50 

2.388 

10 

2.373 

4o 

2.071 

80 

2.058 

80 

1.90 

<10 

1.884 

30 

1.850 

10 

1.690 

90 

1.680 

90 

1*591 

<10 

1.582 

30 

1.464 

70 

1.455 

70 

1.399 

<10 

1.389 

30 

1.378 

<10 

1.308 

70 

1.302 

70 

«10 

1.195 

50 

1.188 

40 

1.153 

10 

1.105 

80 

1.099 

80 

I.070 

10 

1.035 

40 

I.029 

20 

0.976 

60 

0.969 

60 

«10 

0.926 

60 

0.919 

50 

«10 

0.882 

50 

0.877 

4o 
«  10 

0.845 

60 

0.839 

60 
«  10 

0.812 

90 

0.806 

0.795 

90 

10 
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TABLE  III 

Observed  and  Calculated  Intensities  foi  Ba(BQ^TaQ  5)00  Compounds 


B  -- 

Sc 

Y 

obs 

.  calc. 

obs. 

calc 

111 

60 

17.7 

40 

6.2 

200 

<10 

O.C 

10 

0.6 

220 

100 

100.0 

100 

100.0 

311 

50 

11.0 

30 

4.0 

222 

40 

3.6 

20 

1.4 

4oo 

80 

30.3 

70 

29.6 

331 

30 

5,0 

10 

1.9 

4 20 

0.1 

<10 

0.2 

422 

90 

4i.o 

8c 

41.5 

511,333 

30 

3.8 

20 

1.4 

440 

70 

18.4 

60 

18.2 

531 

30 

3,8 

20 

1.4 

600,442 

0.0 

0.1 

620 

70 

17.7 

60 

17.9 

533 

<£10 

1.4 

4clO 

0.5 

622 

0.8 

0.2 

444 

40 

6.2 

40 

6.1 

711,551 

10 

2.2 

<£10 

0.8 

64o 

0.0 

0.0 

642 

80 

22.2 

70 

21.9 

In  La  Lu 


obs. 

calc. 

obs.  calc. 

obs. 

calc. 

30 

2.3 

1.1 

50 

0.0 

30 

1,6 

2.6 

50 

4.7 

100 

100.0 

100.0 

1^-0 

100,0 

10 

0.8 

C.7 

O.C 

10 

0.7 

0.3 

0.0 

80 

28.7 

29.2 

70 

28.0 

<10 

0.8 

0.4 

0.0 

10 

0.6 

1,1 

30 

2.0 

90 

'1.0 

42.4 

90 

41.5 

<10 

0.7 

0.3 

0.0 

70 

17.7 

18.3 

60 

17.4 

<10 

0.7 

0,3 

0.0 

<10 

0.2 

0.4 

20 

0,9 

70 

17.8 

18.4 

60 

18.0 

0.2 

0.1 

0,0 

0.1 

0.0 

O.C 

50 

5.9 

6.1 

40 

S9 

0.4 

0.2 

0.0 

0.1 

0.2 

0.4 

80 

22.0 

22.1 

70 

22.3 

26 


D910269-5 


TABLE  IV 

Structure  Data  for  Ba(B  /  0,  j^Ta^  ^OyType  Compounds 


Perovskite 

Lattice  Parameters,  X 

* 

Diff.  in  Ionic 
Radii  of  B  Ions,  X 

Diff.  in  Atomic 
Scattering  Factor 
of  B  Ions 

Ba(La0.5Tao.5)°3 

ao  =  8.611 

.46 

14 

l>o  =  8.639 

e0  =  8.76k 

Ba(NdQ>  5^ao.  5)03 

ao  =  8.556 

.35 

11 

Ba(Smo.5Tao.5)°3 

90  -  8. 519** 

.32 

9 

Ba(Eu0.5Ta0.5)°3 

ac  =  8. 506** 

.31 

8 

Ea(Gd0. 5)0^ 

ao  =  3.487 

.30 

7 

cQ  =  8. 513 

^(^0.  5Ta0.5)°3 

ac  =  8.454 

,2o 

5 

Ba^Ho0.5Ta0.5)03 

a0  =  8.442 

.25 

4 

tA(Yo.5Tao.5)°3 

aQ  =  8.433 

.25 

32 

^^O. 5Ta0. 5^°2 

a0  =  8.423 

.23 

3 

Ba^Tm0.5Ta0.5^°3 

aQ  =  8.4o6 

.22 

2 

^(^0.5TaO.5)°3 

a0  =  8.390 

.20 

1 

Ba^Lu0.5Ta0.5'°3 

a0  =  8.372 

.18 

0 

Ba(lno.  5Ta0.5)°3 

aQ  =  S.280 

.10 

22 

BalSco. ^0.  5)0^ 

aQ  =  8.236 

.06 

50 

*  Values  for  the  B^+  ion  rMii  as  obtained  in  the  present  study. 
The  radius  used  for  Ta5+  as  determined  by  Ahrens. 

*  Sample  not  sufficiently  pure  to  identify  cell  distortion. 
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B3+  Ion 


TABLE  V 


Radii  for  Tri valent  Cations 


Radius ,A- 
Ahrens 


From  Previous 
UAC  Study 


This 

Study 


La 

1.14 

1.14 

Nd 

1.04 

1.04 

1*04 

Sm 

1.00 

1.00 

1.00 

Eu 

.98 

.99 

.99 

Gd 

.97 

.98 

.98 

Py 

.92 

.92 

.94 

Y 

.92 

.92 

Ho 

.91 

.91 

.93 

Er 

.69 

.91 

.91 

Tm 

.87 

.90 

.90 

Yb 

.86 

.86 

.88 

Lu 

.85 

.85 

.86 

In 

.81 

..’8 

.78 

Sc 

,81 

.74 

.74 
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TABLE  VI 
Doped  Compounds 


Doped  Ba(BQ4^QTaQ^Q)0^  Perovr kite-Type  Phases 


Nd3*  Doped  Compounds 

3a(La0.48Nd0.02Ta0.5o)°3 
Ba(Gd0,4^d0.0^a0#50)0  3 
Ba(Y0a49^d0a00^ra0>  50)03 
Ba(Y0.48Nd0o0^ra0.50)°3 
Ba(Y0,4#d0oldra0e50)°3 
Ba(Luo.49^dO„00^I’a0.5o)03 
Ba(Luo.4^dO„  0^0.30^3 
Ba(Luo,4^do.0^ra0.5o)°3 
Ba(  Luo  #  4c^d0 ,  io^o  .  50) 0  3 
Ba(  InooU^d0.02TaO.  5o)°3 
Ba( In0f 4o^dO*ldBaO, 50^°3 
Ba(Sc0.^9^dO,OO5?aO.So)°3 

Ba(Sco,48N’dO»02Ta0.50/°3 
Ba(Sc0,45Ndo,05TaO„ 5o)°3 

Other  B3’1’  Doped  Compounds 

Ba( Sc0,L8Fe0.02TaO. 5o)°3 
Ba(Y0.U8Pr0o02Ta0,50)°3 
Ba(YO.L8SmO.C2TaO»3o)°3 
Ba(  Yo.iiSS^.OB^O.  50)°3 
Ba(Y0,48Ho0„02Ta0e50)°3 
Ba(  Y0  „  48Er0  „  02TaC «,  50 )  °3 
Ea(Tb0e4oEro.:  }Ta0o50)03 

Ba(Luos48SrO„02TaO. 50)°3 

Ba(  Y0.i4-8'IteO,02TaO.  5o)°3 
Ba( Y0 , U8Yb0 , 02Ta0 . 50 )  ■ °3 

Ba  ( Y0 ,  *4  8Bi0  „  02Ta0 . 50 )  °3 
Cr3+  Doped  Compounds 

Ba( Y0 9 49 sCr0 , 00 3TaO , SO ) °3 
Ba(Y0,U9Cr0o01Ta0»50503 
Ba(Y0.48CrO»02Ta0.5o)°3 
Ba( Y0 , 40Cr0 , 10TaO „ 50 ) °3 
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TABLE  VI  (Contd.) 


Cr^+  Doped  Compounds  (contd,) 

Ba( Y0 . 30Cr0 . 20Ta0 . 50) °3 

Ba(Lu0.48Cr0.02Ta0.5o)°3 

Ba ( L Uq # 30Cro . 20Ta0 , 50 ^ 0 3 
Ba ( In0 . 48CrO . 02Ta0 .  50 ) 0  3 

Ba( In0s40Cr0  >10Ta0e  50)08 
Ba(Sc0.495Cr0.0C5Ta0.50'°3 
Ba(3c0.48Cr0.02Ta0.50'°3 
Ba(3c0.L5Cr0405Ta0.50)°3 


Other  Doped  Complex  Perovskite-Type  Phases 

Ba(  ^0.48^^0,02^0. 5o)°3 
Ba(Sco.48Cro.02Nbo. 50)03 
Ba ( S co . 49 5Ndo . 00 5Sb0 . 50 ) O3 
Ba(Mgo,U8Ni0.02Teo. 50)03 
Ba(Mgo.48Ki0.02wO. 50)03 
(Bao,98Nao.02)(Oao.48Ndo.02^0. 50)03 
(Bao.98Nao. 02 )(Zno.48Cro.02Wo. 50)03 


Doped  Non-Perovskite-Type  Phases 
K(Alo.98Cro. 02)02  -  cubic 

Ca( Alp. 930^^02)04  -  orthorhombic  or  monoclinic 

Sr^AX1.98Cr0.02)°C'  '  cubic 

Zn(Alj_i(^gCrQ>Q2)04  -  cubic  spinel  struct ure 
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TABLE  VII 

Preliminary  Crystal  Growth  Runs 


Composition  in  Weight  $ 

Souk 

Cooling  Rate 

Perovskite 

Flux 

T  C 

Hour 

°C/hour 

25 

Ba(Y0>5Tao.5)°3 

BaFp 

1400 

1.5 

9 

25 

Ba(Y0.5Ta0.5)°3 

KF*2H20 

900 

2.5 

6 

16.5 

Ba(Y0.5Ta0.5^°3 

BaFp 

1400 

7 

12 

13.1 

Ba(Gd0.5Ta0.5^°3 

BaFp 

1400 

5 

7 

4 

Ba(GdQ  ^Tqq 

BaFp 

1U15 

15 

3.5 

8 

Ba(Lu0.5Ta0.5^°3 

BaFp 

l4t>0 

18 

4.5 

13 

Ba(La0.5Ta0.5^°3 

BaF2 

1432 

15 

4 

15 

Ba^Sc0.5Ta0.5^°3 

BaFp 

1385 

20 

7 

93 

Ba(Luo.  5’la0.5)°3 

BaFp 

1385 

-  3.5 

4 

13 

Ba( Ino.5Ta0.5^°3 

BaF2 

1385 

5 

4.5 

7 

i 

Ba(  In0>cTa0^)0^ 

BaFp- BaClp 

1330 

4 

4.5 

5 

Ba^Y0.5Ta0.5^°3 

BaF2 

1385 

20 

4 

9.5 

Ba( Ino.5Ta0.5^°3 

BaF2 

1452 

15 

4 

50 

Ba(Y0.5Ta0.5)°3 

PbC-PbF2 

1020 

13 

4.4 

'\ 

Ba(GdC.5Ta0.5^c3 

GdF3 

1335 

13 

4 

Observat ions 

no  crystals 
no  crystals 

yellow  to  orange  cubic 
crystals  <  j  mm  -  x-ray, 
ordered  perovskite 

few  very  small  crystals 

black  crystals  <  ^  mm  - 
x-ray,  ordered  perovskite 
(distorted) 

thin  blue  plates  <  mm 
on  ed  e 

black,  irregular  shaped 
crystals  up  to  1  mm 

yellow  crystals  <  \  mm 

no  crystals 

no  crystals 

no  crystals 

no  crystals 

no  crystals 

no  crystals-perovskit^ 
powder  has  smaller  cell 
size  due  to  Fb  substitutio 

no  crystals 
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65-21*6  51.5  l.  II*. 5  112.6  30. U  21*. 65  27.1*  0.1  Gd^.Oj  50  1*  lUO  1.8  1163  1-2  inn  Bad-u^lao  5)('3  cubic  crystals. 

(Gd?03:Lu203r=  ?  x  10_li 

65-  248  51.5  31*  l1*. 5  112.fi  30.1*  21*.  65  27.1*  0.15  VbgOj  50  5  1**50  1.3  35  1-2  mu  Ba(Lun5Tac<5)0,  cubic  crystals. 

(YbipO,:LunO,)’»  3.3  x  10-3 
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TABLE  IX 


Fluorescent  linission  Data  for  SeJ.ected  Samples 


Trominent 

Half  Power 

Relative 

Compound 

Line  Peaks 

Width 

Intensity 

( Sco . 48NdO . 02Ta0 . 90 ) °3 

0.877  ' 

0 

500  A 

3.6$ 

1.060 

350 

2.7 

0.877 

480 

8.2 

1.060 

7.6 

0.985 

9.6 

^ ( Yo .  49  5Ndo .  00  5Tao .  500  )  °3 

O.896 

375 

1.8 

0.935 

.  8 

0.952 

.7 

1.060 

375 

1.6 

O.896 

2.4 

1.066 

2.2 

0.980 

3.4 

Ba(Lu0.48NdG.02Ta0. 50)03 

0.893 

510 

3.4 

1.066 

430 

3.0 

0.984 

8.5 

1.072 

2.6 

Bal  Y0  f  48^0 . 02Ta0 .  50 )  < °3 

N*  '  •  ✓  1  1 

1.0 

0.972 

2.0 

1.007 

150 

3.7 

K^AJ0.98Cr0.02)°2 

0.695 

50 

4.5 

0.707 

150 

4.4 

0.721 

2.0 

0.730 

1.6 

0.694 

30 

4.8 

0.705 

90 

7.8 

0.719 

2.0 

0.735 

1.6 

0.676 

20 

2.7 

Temperature 

o 

300  K 
77° 

300° 

77° 

300° 

77° 

300° 

77° 

300° 

77° 

300° 
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TABLE  IX  (Contd.) 


Compound 

Prominent 

Line  Peaks 

Half  Power 

Width 

Relative 
Ir.tens  ity 

Temperature 

Zn(A11.98Cr0.02^ 

0.688  /<■ 

0 

20  A 

4.0  $ 

300°K 

O.699 

60 

3.8 

0.710 

3.3 

0,666 

1.2 

77° 

0.677 

1.1 

0.688 

15 

5-2 

0.699 

45 

4.5 

0.710 

4.2 

0.719 

2.9 

0.730 

1.3 

0.738 

1.2 
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TABLE  X 

Fluorescent  Lifetime  Data 


Doped 

Ba(B0, 5Tao.5^°3 


Phases 

Nd3'  Doped 

Emission 
Line  {/>) 

Lifetime  at  Lifetime  at 

300°K  UO  77°K  (a«) 

Ba(Lao.43Ndo.02l1aO.  50)03 

1,06 

500 

650 

Ba(  C-dp,  #  j,  gNdg  ( 02TaO .  5o)°3 

700 

800 

Ba( Y0 . 48NdO . 02Ta0 . 50 )°3 

200 

250 

Ba ( Yo . 49 5Ndo . oo  5Tao . 500 ) ' °3 

375 

375 

Ba(LuotU8Nd0.02TaO, 50 ^°3 

400 

850 

Ba( L °o .  49  5Nd0 . 00 5Ta0 . 500 )' °3 

650 

700 

Ba( In0 . 48NdO , 02Ta0 . 50^°3 

150 

250 

Ba( In© #  4Ndo . lTao ,5)03 

20 

22 

Ba( Sc0 . 48NdO . 02Ta0 . 50  ^  °3 

200 

220 

pO+  Doped 

Ba(Yo.^8Pro.02Tao. 50)03 

1.00 

No  fluorescence 

detected 

Tm^+  Doped 

Ba  1 (  Y0 ,  4  8^0 . 02Ta0 . 50 ) ' °3 

1.10 

No  fluorescence 

detected 

SnU  Doped 

Ba(  Y0,48Srri0,02Ta0. 50^°3 

0,70 

1450 

YtU  Doped 

Ba  ( Y0 . 48^0 . 02Ta0 . 50 ) ' °3 

1.01 

1800 

CO+  Doped 

Ba( Y0.48^r0, 02?ao .50)03 

No  fluorescence 

detected 

Ba ( L  uo . 48Cro . 0?Tao .50)03 

No  fluorescence 

detected 

Ba( Ino.480ro. 02^80, 50)03 

No  fluorescence 

detected 

Ba(Sco,48Cro.02Tao, 5O/O3 

No  fluorescence 

detected 
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TABLE  X  (Contd.) 


Emission  Lifetime  at 

Line  (  Q  30Q°K  jus) 

1.06  300 

275 

Doped  Non-Perovskite- 
Type  Phases 
_ Cr^+  Doped _ 


K(Alo,98Cro.02)02  0.70  2100 

Zn(Ali,98Cro.02)01+  5200 


Other  Doped  Complex 
Perovskitc  Phases 
Nd'-^*  Doped 

Ba(  Y0 . 48Ndo .  02^0 . 50 )  °3 

Ba0 . 98Nao . 02^  Cao . 48Ndo . 02wo . 50 


Lifetime  at 

77°K  U-0 

380 

250 


2700 

58OO 
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ORDERED  NaCI  STRUCTURES 
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FIG  3 


O 


co 

-J 

UJ 

> 

UJ 


cc 

UJ 

h 

o: 

<s 

D 

O  -J 

i  -J 
UJ  UJ 

z  O 
o 


h- 


o 


£ 

CO 

O 

a. 


o 

i- 

< 

o 


ORDERED  SODIUM  CHLORIDE  STRUCTURES 
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FIG.  A 
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ORDERED  SODIUM  CHLORIDE  STRUCTURE 


FIG.  5 


PSEUDO-TcTRAGONAL  DISTORTION,  Li3To04 
O  *  Li  ®  =  To  0=0 

CATION  POSITIONS  AT  ONE-EIGHTH  LEVELS  IN  UNIT  CELL 


ORDERED  ANTIFLUORITE  STRUCTURE 


CATION  POSITIONS  AT  ONE- EIGHTH  LEVELS  IN  UNIT  CELL 


ORDERED  SPINEL  STRUCTURES 
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CATION  POSITIONS  AT  ONE  -  EIGHTH  CATION  POSITIONS  AT  ONE -EIGHTH 

LEVELS  IN  UNIT  CELL  LEVELS  IN  UNIT  CELL 


IONIC  RADIUS 
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FIG.  8 


(CELL  VOLUME)l/S  VS.  IONIC  RADII  FOR  Bo(B'09  Ta05)Os  COMPOUNDS 


□  AHRENS'  RADII  USED 
O  B'  RADII  AS  DETERMINED  FROM  STUDIES 
ON  BoCB'ojuNbo^Oj  COMPOUNDS 


(VOLUME)1''  FOR  Bo(Bo.#  ToOB)03,  A 
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FIG.  9 


BaWQ0.5°5  CRYSTALS 

GROWN  FROM  0oF2  FLUX  (85*/o) 

BY  COOLING  FROM  1400°C  AT  !2°C/hr. 
MAGNIFICATION1  10  X 


A-  MEASURED  AFTER  HEATING 
TO  TEMPERATURE 

O-  MEASURED  AFTER  COOLING 
TO  TEMPERATURE 


1 


L 


THE  PSEUDO-TERNARY  SYSTEM  BoO-YTaO 
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FIG  tl 


THE  PSEUDO -TERNARY  SYSTEM  BoO-LuToO 
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FIG  12 


f0Z9  0/M 


W/0  LuTaO 


DECANTING  ARRANGEMENT  FOR  50  ml.  CRUCIBLE 


NOTE  CRUCIBLE  AND  LID  WIRED  INTO 
HOLDER  WITH  20  ml.  PLATINUM  WIRE 
ATTACHED  TO  1/16  ALUMINA  RODS 


THERMOCOUPLE  BUCKING  CIRCUIT 
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FIG  16 


TYPICAL  STRIP  CHART  RECORD 

OF  SLOW  COOLING  RUN 
THERMOCOUPLE.pt  -pt,  10%  rh 
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FIG,  17 


Bq  5To 4 0  j5 


CRYSTALS,  SAMPLE  65-059 


SCALE  DISPLAYS  I  mm  DIVISIONS 
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FIG  18 
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FIG.  19 


CRUCIBLE 


AFTER  DECANT!  NG  , 


RUN  65-114 


y  id 
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B°(Yo.STOo.5>Oj 


CRYSTALS,  SAMPLE  65-114 


SCALE  OISPL AYS  i  mm  DIVISIONS 


I 


— Vt 


20 
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FIG.  21 


Ba7o206 


CRYSTALS,  SAMPLE  65-204 


SCALE  DISPLAYS 


m  m  .  DIVISION  S 
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FIG.  22 


Nd  DOPED  Ba  (Y05Ta05)03  CRYSTALS,  SAMPLE  65-247 

FLAT  POLISHED  FOR  OPTICAL  ABSORPTION  MEASUREMENT 
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FIG.  23 


CRYSTAL  PULLER  AND  GRADIENT  FURNACE 
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FIG  24 


POLYCRYSTALLINE  DEPOSIT  ON  SEED  CRYSTAL 


Q)  TOP  VIEW 


b)  BOTTOM  VIEW 
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TEMPERATURE  PROFILE  OF  MELT  FOR 
SINGLE  CRYSTAL  GROWTH  AT  SURFACE 


FIG  25 
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FIG.  26 


Ba(Y0#{5Ta05)03  CRYSTAL  CROWN  BY  GRADIENT 

TRANSPORT 


a)  AFTER  24  HOURS  OF  GROWTH 


b)  AFTER  120  HOURS  OF  GROWTH 
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FIG  28 


FLUORESCENCE  EMISSION  OF  Ba(Y  Nd  Ta  JO  POWDER 

0.495  0.005  0.500  3 


SLIT  WIDTH  2.5mm 
T  =  300 °K 


RELATIVE  INTENSITY 


.9 


M 


RELATIVE  INTENSITY 
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APPENDIX  I 


Tabulation  of  A(B^B^)0-^-Type  Compounds 


The  perovskite  structure  can  be  described  by  ft  cubic  unit  cell  with  an  A  ion 
in  the  center,  small  B  ions  at  ohe  corners,  and  oxy<  t  ions  at  the  edges,  Work 
in  Refs.  1  and  2  demonstrated  that  it  is  possible  to  place  two  ions  which  are 
different  in  size  and  charge  in  the  B  position  of  the  perovskite  structure.  Since 
these  papers  were  published,  over  two  hundred  of  these  compounds  with  the  general 

/  V  V  \  V  w 

formula,  A(BCK)  )0  ,  where  B  and  B  are  the  two  different  elements  with  different 
charges  in  the  perovskite  B  position,  have  been  prepared  in  various  laboratories 
throughout  the  world  (Refs.  1-36).  The  purpose  of  this  report  is  to  tabulate  these 
compounds  and  their  X-ray  data  in  a  systematic  manner  in  order  to  provide  a 
reference  for  future  work  in  tnis  field. 

v  w 

This  report  presents  the  cell  sizes  and  the  references  for  A(%Bj  )0-,-type 
compounds.  Data  for  a  few  oxygen- ieficient  compounds  are  also  given.  1^  should  be 
noted  that  compounds  with  large  differences  in  the  charges  of  the  B  ions  appear 
to  have  ordered  structures.  When  the  B  ions  are  ordered,  the  compounds  with 
x  =  0-5>  y  =  0.5  often  have  the  (NH^) ^FeF^-type  structure  (Re£  21),  while  those 
with  x  =  O.33,  y  =  O.67  can  either  have  the  (NH^).FeF^  or  the  Ba(SrQ  „Tao  ^)0^- 
type  structure  (Ref-  6).  The  compounds  with  x  =  ii-33,  y  !S  O.67,  which  form  the 
hexagonal  barium-titanate  structure,  are  also  included  for  the  purposes  of  this 
tabulation  even  though  it  cannot  be  considered  that  the  hexagonal  barium-titanate 
structure  i6  an  ordered  perovskite  type. 

A  few  compounds  have  been  reported  to  be  ferromagnetics,  some  ferroelectric s 
and  some  semiconductors.  These  are  listed  in  this  report  together  with  pertinent  data 
Preliminary  dielectric  measurements  also  have  been  made  at  the  Research  Laboratories 
on  a  number  of  thQm,  but  the  properties  of  the  majority  of  these  compounds  have  not 
been  studied. 
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*  ,  v  w, 

a  series  of  compounds  in  which  x  +  y  =  1  and  v  and  w  are  the  charges 
on  the  ions. 

The  n'cabers  for  each  compound  are  the  cell  sizes  in  angstroms.  When  a  single 
value  of  4  is  given,  it  indicates  that  the  compound  either  was  of  the  cubic 
perovskite  type  or  that  it  was  indexed  on  a  pseudocubic  cell  because  the  real 
cell  was  not  known.  When  a  single  value  of  ~  8  is  given,  the  compound  is  con¬ 
sidered  to  be  of  the  cubic  (NH^) ^FeFg-type  and  the  B  ions  are  ordered.  If  two 
values  of  — '8  are  listed,  then  a  "t"  is  placed  after  the  reference  indicating  a 
tetragonal  distortion  of  the  ordered  cell.  Three  values  (a,  b,  c)  of  5.5,  8, 
and  5.5  are  listed  for  orthorhombic  distortions  and  an  "o"  fellows  the  reference. 
When  two  values  are  given,  one  of  j6,  the  other  ~7,  the  compound  is  considered 
to  have  the  hexagonal  Ba(Sro,33TaQ>6j)02  ordered  perovskite -type  structure  and 
these  values  are  "a"  and  "c",  respectively.  If  no  cell  size  is  given,  the 
compound  was  considered  to  be  of  the  perovskite  type  by  visual  examinetion  of 
the  X-ray  patterns.  An  "Hm  indicates  that  the  compound  is  of  the  hexagonal 
barium-titanate  type  and  does  not  have  a  simple  perovskite  or  an  ordered- perovskit 
structure. 

f  The  reference  closest  to  the  cell  size  is  the  one  from  which  the  data  was  taken. 
The  second  reference  also  contains  the  data  for  the  compound,  but  if  its  X-ray 
pattern  was  indexed  on  a  different  system,  the  first  letter  of  the  system 
follows  the  reference. 
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APPENDIX  II 

PHASE  EQUILIBRIUM  STUDIES 


The  System  Ba(  ^Tsq^ ^)0^-BaF2 

The  binary  behavior  of  this  system  was  confirmed  by  quenching  a  sealed  platinum 
tube  filled  with  a  mixture  20  weight  percent  Ea(YQ^TaQ  5)^3?  80  weight  percent  BaF2 
from  lU80°C  after  a  one  hour  soak  period.  The  quenched  material  was  X-rayed  and 
found  to  consist  only  of  the  components;  thus  the  molten  BaF2  must  have  been  congru- 
ently  saturated  with  Bs(Yq  5^3* 

The  solubility  of  Ba(Yo,5Tao. 5)03  in  BaF2  was  measured  in  the  following  way. 

A  25  ml  platinum  crucible  was  filled  with  BaF2  by  charging  and  melting  in  a 
resistance  furnace  until  the  crucible  was  about  3 A  full.  A  sintered  sample  of 
Ba(Yo.5Tao.5)03  was  placed  in  the  crucible  for  the  final  charging.  The  crucible 
was  then  transferred  to  a  vertical  tube  furnace,  and  Pt/Pt-10^  Rh  thermocouple 
was  inserted  into  the  melt.  The  meit  was  allowed  to  soak  at  constant  temperature, 
and  stirred  periodically  with  l/8  in.  O.D.  platinum  tube.  After  various  times  of 
soak  at  various  temperatures,  the  platinum  tube  was  inserted  about  l/U  in.  below 
the  surface  of  the  melt,  and  a  sample  withdrawn  for  spectrochemical  analysis. 

The  chemical  analysis  for  Y  and  Ta  of  samples  withdrawn  at  various  tempera¬ 
tures  are  given  in  Table  XI  .  The  data  Indicate  a  reasonably  constant  ratio  of 
about  2,5  moles  of  Ta  per  raole  of  Y,  Such  a  result  is  inconsistent  with  the 
previous  observation  of  congruent  saturation  of  BaF2  with  perovskite,  and  may  be 
due  to  the  depletion  of  yttrium  at  the  surface  of  the  melt  due  to  the  higher 
volatility  of  YF^.  On  the  assumption  that  the  experimental  solubility  data  for 
Ta  are  a  valid  measure  of  the  solubility  of  Baf Yq^ -TaQ^)0^  in  BaF2,  the  solubility 
curve  shown  in  Fig;  10  was  drawn.  The  excellent  agreement  between  the  data  obtained 
by  approaching  temperatures  from  above  with  the  data  obtained  by  approaching 
temperatures  from  below  is  an  indication  that  equilibrium  had  been  attained. 


The  Pseudo-Ternary  System  Ba0-YTa0L-B203 

Preparation  and  Experimental  Techniques 

Compositions  ’••ere  prepared  from  reagent  grade  barium  carbonate,  yttrium  and 
tantalum  oxides,  and  anhydrous  B2O3,  For  each  mixture,  the  calculated  amounts  of 
the  components  were  ground  together  under  acetone,  dried,  and  pressed  into  pellets 
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The  pellets  then  were  heated  slowly  and  held  for  several  hours  below  the  melting 
point  of  BjOjj  the  temperature  was  then  increased  to  a  final  temperature  below 
the  solidus,  in  most  cases  about  900^.  For  compositions  along  the  join  Ba0-YT:;0]t , 
the  pellets  were  heated  rapidly  to  and  held  6  hours,  then  normally  cooled 

and  X-rayed. 

The  furnace  used  in  most  of  the  quench  runs  was  a  Globar  heated  vertical  tube 
furnace.  Temperature  was  maintained  to  within  2  degrees  of  the  desired  temperature 
by  a  Honeywell  Fyr-o-Vane  controller.  For  quenches  from  temperatures  above  l'+OO  C, 
a  cylindrical  ?~bar  heated  furnace  controlled  by  a  saturable  reactor  power  supply 
and  Leeds  and  Northrup  program  controller  was  used.  The  quenching  apparatus  con¬ 
sisted  of  a  length  of  four-hole  aluminum  thermocouple  tubing:  the  leads  of  a 
Pt/Pt-10^  Rh  th  erroocoupie  passed  through  two  of  the  holes,  and  lengths  of  20-mil 
Pt-10$  Rh  wire  passed  through  the  remaining  holes.  The  upper  ends  of  the  latter 
wires  were  connected  across  an  auto- transformer,  and  a  short  length  of  10-mil 
platinum  wire  was  affixed  across  lower  ends  and  supported  the  quench  envelope. 

When  it  was  desired  to  quench  the  sample,  a  current  was  sent  through  the  10-mil 
platinum  wire,  which  fused,  letting  the  quench  envelope  fall  into  a  beaker  of 
water  or  mercury. 

One  end  of  a  5/8- in.  length  of  3  mm  platinum  tubing  was  crimped  shut  and 
folded  back.  The  desired  prereacted  composition  was  loaded  into  the  tube,  and 
the  top  similarly  crimped:  a  short  length  of  Pt  wire  was  crimped  in  place  when 
the  top  was  folded  down,  and  fastened  to  a  small  aluminum  grommet  through  which 
passed  the  fuse  of  the  quench  apparatus.  Thus  the  quench  sample  was  within  0.25 
inch  of  the  read-out  thermocouple. 

In  instances  where  there  was  considerable  liquid  formed  at  the  quench 
temperature,  some  leakage  would  frequently  occur  from  the  quench  packet.  For  this 
reason,  in  the  higher  temperature  runs  the  packets  were  evacuated  and  welded  shut 
in  an  electron  beam  welding  apparatus. 

The  samples  from  the  quench  runs  were  ground  in  an  agate  mortar,  and  examined 
under  the  petrographic  microscope.  The  indices  of  refraction  of  glasses,  and  of 
glasses  in  equilibrium  with  primary  crystals,  were  measured  by  the  oil  immersion 
technique.  X-ray  powder  camera  diffraction  photographs  also  were  obtained  on 
quench  samples  for  crystalline  phase  identification. 

The  phases  present  and  indices  of  refraction  of  glasses  for  various  mixtures 
at  various  temperatures  as  determined  by  examination  of  quenched  samples  are 
recorded  in  Table  XII, 
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Mixtures  which  contained  less  than  about  15  percent  B2O3  could  not  be 
quenched  to  clear  glasses  because  of  rapid  devitrification,  but  always  showed  the 
presence  of  fine  quenching  crystals,  as  shown  in  Fig, 32  ,  A  similar  phenomena 
was  reported  by  Levin  and  McMurdie  (Ref.  l)  in  the  system  BaO-BgO^.  The  presence 
of  quenching  crystals  in  the  glass  makes  the  index  measurements  unreliable.  However, 
these  quenching  crystals  are  readily  distinguished  from  primary  crystals  in  the 
glass  as  shown  in  Fig.  5  . 

Primary  Hmr.es  Bounding  the  Ferovskitc  Field 
YTaOl* 


Ferguson  (Ref.  2)  synthesized  YTa04  by  arc  fusion  at  about  2100°C,  and  gave 
the  indexed  X-ray  pattern  shown  in  Table  X3H,  The  X-ray  pattern  of  YTa04  grown  as 
primary  crystals  in  a  B2O3  flux  at  101 5°C  (sample  64-33l£)  and  at  1368°C  (sample 
65-015a),  which  is  also  shown  in  Table  XII 1,  is  slightly  different  from  Ferguson's 
pattern.  The  flux  grown  YTa04  pattern  has  been  indexed  on  the  basis  of  slightly 
different  cell  dimen- ions,  which  may  indicate  some  solution  of  BaO  and/or  B2O3 
in  the  YTa04  crystals, 

BaTapOg  -  Derived  Solid  Solutions  (  Phase) 


Galasso,  Katz  and  Ward  (Ref.  3)  prepared  BaTa20g  by  reacting  BaCOj  and  TapO^ 
at  1100°C;  and  showed  that  it  was  isogorphous  with  tge  tetragonal  tungsten  bronzes 
(Ref.  4),  having  parameter  a  =  12. 60  A  ind  c  ■  3,95  A.  They  also  showed  that 
this  compound  could  be  prepared  with  a  considerable  oxygen  deficiency,  thus  indi¬ 
cating  a  broad  homogeneity  range  for  the  structure.  During  the  course  of  the  present 
investigation,  the  homogeneity  renge  of  the  "bronze"  phase  in  the  binary  system 
Ba0-Ta205  was  determined;  it  was  found  to  extend  from  the  composition  BaTagO^  to 
at  least  the  composition  BaTagO^g  ,  which  had  tetragonal  pseudo-cell  parameters 
a  «.  12,49  $,  c  =  3.88  8,  Roth  and  Warirg  (Ref,  5)  have  reported  the  analogous 
phases  in  the  system  BaO-Ift^O^  to  have  a  somewhat  more  narrow  homogeneity  range, 
i.e.,  between  Ba^Nb^QOpQ  and  BaNbgO^g;  they  have  shown  this  solid  solution  series 
to  be  interrupted  by  a  morphotropic  phase  transformation. 

The  X-ray  data  for  compositions  along  the  join  Ba0-YTa04  (Table  XII,  samples 
64-322,  323,  324,  and  325)  indicates  that  a  phase  isomorphous  with  Bal'a206  occurs 
at  compositions  around  80  weight  percent  YTa04»  It  may  be  assumed  that  this  com¬ 
position  is  simply  a  member  of  a  solid  solution  continuum  extending  from  the 
Ba0-Ta20^  join  out  into  the  ternary  diagram  Ba0-Y20^-Ta20.-,  but  as  yet  no  attempt 
has  been  made  to  accurately  define  the  homogeneity  regie::  of  solid  solution  in  this 
ternary  system. 
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The  "bronze"  crystals  grown  in  equilibrium  with  described 

on  page  11  and  shown  in  Fig.  2^,  had  *»  chemical  composition  BaTa]_ ,86^0,2020.03306 
and  cell  dimensions  a  =  12.59  A,  c  =  jj.9^  A;  thus  they  were  very  close  in  composition 
to  the  BaTa206  ei  d  member.  Tie  indexed  diffraction  pattern  of  these  crystals  is 
given  in  Table  /IV. 

BatjTa^O^  ( Phase) 


Galasso  and  Katz  (Ref.  6)  prepared  Ba^Ta^O^  and  found  it  to  belong  to  the 
trigonal  system,  the  axes  of  the  hexagonal  unit  cell  being  a  =  5*79  $  and  c  =  11.75  X. 
Anion  deficiency  could  be  produced  by  preparing  the  compound  with  tetravalent 
tantalum,  thus  indicating  a  considerable  homogeneity  range.  A  phase  isomorphous 
with  Ba^Ta^O^  was  found  to  have  a  primary  field  in  the  system  BaO-YTaO^-BgO^. 

Crystals  of  this  phase  were  grown  as  described  on  pages  7-10  and  are  shown  in 
Fig.  17.  Chemical  analyses  of  the  crystals  gave  a  composition  about  Bs^Ta^B^ 5Yt]_jO]_c 
indicating  that  some  yttrium  and  boron  can  go  into  the  structure.  The  indexed  dif¬ 
fraction  pattern  of  the  Ba5Tai|0^_5  phase  is  given  in  Table  XV. 

Ba^BgOg 

Levin  and  McMurdie  (Ref.  l)  show  Ba3B206  to  be  the  primary  phase  in  the  system 
Ba0-B203  in  mixtures  containing  about  78  to  87  percent  BaO.  According  to  the 
above  authors,  Ba3B206  hydrates  and  carbonates  rapidly  when  left  in  air:  a  sample 
exposed  overnight  to  a  relative  humidity  above  90$  gave  the  X-ray  pattern  of  BaC03# 

In  the  current  experiments  X-ray  photographs  were  taken  promptly  after  quenching  the 
samples  into  mercury,  and  patterns  for  samples  65-Ol6a,  0l6b,  017a,  and  028a 
included  the  seven  or  eight  reflections  that  could  be  attributed  to  Ba3B20g  as 
reported  by  Levin  and  McMurdie,  and  no  reflections  that  could  be  attributed  to 
either  BaC03  or  Ba(0H)2.  However,  in  these  quenched  samples,  large  amounts  of  glass 
were  present  and  powder  photographs  were  faint:  the  assignment  of  these  reflections 
to  Ba^I^O^  must  be  considered  as  tentative. 

BaO 

The  evidence  for  assigning  BaO  as  an  equilibrium  crystalline  phase  in  two  of 
the  quench  runs  was  indirect.  Samples  of  composition  70  weight  percent  BaO,  20 
weight  percent  YTaOj+  quenched  from  1380  and  1300°C  (sample  65-Ol6a  and  b  respec¬ 
tively)  showed  X-ray  patterns  for  perovskite  and  Ba^I^Og  only.  However,  the 
material  had  a  strong  lavender  discoloration  indicative  of  reaction  of  free 
BaO  with  the  platinum  quench  packet  ,  whereas  samples  close  in  composition  to 


The  reaction  of  BaC  with  platinum  has  been  reported  frequently  in  the  literature, 
see  for  example  Refs,  1  and  5# 
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samples  65-Olba  and  b  (e.f,.  samples  65-01Ta  and  ^5-02 8a)  showed  no  such  discoloration. 
Lank  of  direct  evidence  for  BaO,  however,  renders  this  assignment  tentative  also. 

Phase  Equilibr iimi  Diagr am 


Figures  3^,  35  and  36  show  the  equilibrium  diagrams,  constructed  from  data 
in  Table  XII,  for  portions  of  the  perovskite  -B2O3,  perovskite  -BaBgO^,  and  perov- 
skite-BaB20j+  joins  respectively.  Where  possible,  the  data  for  the  indices  of 
refraction  of  glasses  in  equiliirium  with  primary  crystals  have  been  used  in 
drawing  the  liquidus  curves.  All  three  of  the  above  joins  are  non-binary,  since 
phases  appear  which  cannot  be  expressed  in  terms  of  the  two  components .  Figure  11 
is  a  projection  of  the  liquidus  surface  for  a  portion  of  the  system  BaO-YTaO^-BpO^ 
in  the  neighborhood  of  the  perovskite  field,  constructed  so  as  to  be  consistent  with 
all  the  data  of  Table  XII,  using  Figs.  3^,  35  and  36  as  guides  to  drawing  the  iso¬ 
therms.  The  diagram  indicates  non-ternary  equilibrium. 

The  data  are  insufficient  to  definitely  fix  the  boundary  curve  between  the 
fields  of  and  Ba3B20g,  which  could  be  drawn  either  to  the  left  or  to  the  right 
of  the  composition  65  weight  percent  BaO,  20  weight  percent  YTa04;  the  boundary 
curve  was  drawn  to  the  left  on  the  basis  of  a  greater  intensity  of  /3  X-ray  reflec¬ 
tions  than  of  Ba3B20£  reflections  from  sample  65-017a. 

The  composition  of  eutectics  indicated  between  BaO  and  perovskite,  and 
between  perovskite  and  YTaOl*,  and  consequently,  the  position  of  the  boundary  curves 
between  the  primary  fields  of  BaO  and  perovskite  and  between  perovskite  and  YTaOl* 
were  drawn  arbitrarily,  although  with  regard  for  the  tracking  of  isotherms. 


The  Pseudo-Ternary  System  Ba0-LuTa04-B20-3 

The  expei imental  techniques  employed  in  the  investigation  of  the  Ba0-LuTa04~ 
B2O3  system  were  the  same  as  those  described  for  the  system  BaO-YTaO^-I^O^.  Quench 
compositions  were  chosen  by  analogy  with  the  latter  system,  on  the  assumption  that 
similar  equilibria  would  be  encountered.  The  quench  run  data  for  this  system  are 
presented  in  Table  XVI.  The  phase  diagrams  constructed  from  the  quench  data  is 
shown  in  Fig.  12.  The  data  are  not  as  extensive  as  in  the  case  830-^80^-6203 
system,  and  only  the  BaCLuQ^TaQ^fcg-BaTagOg  boundary  curve  and  the  liquidus 
isotherms  in  the  neighborhood  of  this  boundary  curve  were  determined,  since  this 
information  is  sufficient  to  permit  selection  of  satisfactory  conditions  for  the 
growth  cf  Ba(LuQ^TaQ^)0^  crystals. 
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The  Pseudo-Ternary  System  BaO-LaTsOl^-BoO^ 

The  experimental  techniques  employed  in  the  investigation  of  the  BaO-LaTaO^-BoO^ 
system  were  the  same  as  those  described  for  the  two  previous  systems.  The  quench  lata 
are  presented  in  TableXVIL  Figure  37  is  a  map  of  compositions  investigated  showing 
primary  crystallization.  Note  that  the  perovskite  field  was  not  encountered  in  the 
location  analogous  to  its  location  in  the  Ba0-YTa04-B2C>3  and  BaO-LuTaOj+-B203  systems. 
Time  did  not  permit  further  investigation  of  this  system,  but  it  can  be  assumed  that 
the  boundary  of  the  perovskite  primary  field  lies  closer  to  the  Ba^aQ^ CjTsq^^O^ 
composition.  In  this  case  it  can  be  anticipated  that  the  liquidus  surface  above 
this  field  will  lie  at  correspondingly  higher  temperatures,  and/or  that  the  slope 
of  the  liquidus  surface  will  be  steeper  than  in  the  BaO-YTaC>4-B2''3  and  BaO-LuTaO^-B  ,0^ 
systems. 
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TAHLE  XI 

Solubility  Data  for  Ba(Y^  ^Ta^  in  BaF^ 

Heat  Treatment  Spectrochemlcal  Analysis 


w/o  Ta 

w/o  Y 

heat  up  slowly  from  room  temperature, 
soak  1.5  hours  at  l420°C 

1.1 

.21 

heat  up  from  1^20  to  1520°C,  1.5  hour 
soak 

2.1 

.38 

cooled  from  1520  to  1350°C,  soaked  18  hours, 
then  heated  to  l6lO°C,  soaked  1  hour 

3.9 

.78 

cooled  from  l6lO°C  to  room  temperature, 
reheated  to  1535°C,  3A-hour  soak 

2.3 

.38 

cooled  from  1535  to  lU05°C,  1-hour  soak 

1.0 

.19 
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TABLE  XII 


Quench  Data  for  Samples  in  the  System  BaO-YTaO^-I^G^ 


Sample  No. 

Composition  in  Weight  $ 

BaO  YTaO^  B2O3 

T  °C 

Phases  Present 

64-322 

62  .'8 

37.2 

0 

1450 

P  +  BaO* 

64-323 

31.5 

68.5 

0 

1450 

P  +  a 

64-324 

23.5 

76.5 

0 

1450 

p(tr)  +  a 

64-325 

18.7 

81.3 

0 

1450 

a 

64-3311 

33.4 

36.6 

30 

1345 

gl  T)  *  .667 

64 -331k 

33.4 

36.6 

30 

1240 

gl  V  ^  1.669 

64-3311 

33.4 

36.6 

30 

1110 

gl  ">1  -  I.665 

64-331  i 

33.4 

36.6 

30 

1015 

gl  17  =  I.632  +  YTaOij 

64- 371a 

35.9 

39.1 

25 

1345 

gl  V  =  1.750 

64- 357c 

38.2 

4l.8 

20 

1390 

gl  v  «  1.770 

64- 357a 

33.2 

4l.8 

20 

1310 

gl  V  =  1.770 

64-3576 

38.2 

41.8 

20 

1235 

gl  V  *  1.743  +  a 

64-357d 

38.2 

41.8 

20 

Il60 

gl  V  =  1.740  +  a 

64- 374a 

40.7 

44.3 

15 

1420 

gl  V  =  1.795 

64-427d 

41.8 

45.7 

12.5 

1593 

gl  1.82  +  QX 

64 -427b 

41.8 

45.7 

12.5 

1480 

gl  *7  ~  1.82  +  qx  +  P(tr) 

o4-i»27f 

41.8 

45.7 

12.5 

1432 

gl  7)^  1.82  +  qx  +  P 

b4-427c 

41.8 

45.7 

12.5 

1368 

gl  *>7  +  qx  +  P 

64.427a 

41.8 

45.7 

12.5 

1315 

gl  17  =  1 .787  +  P  +  or  ( t  r  ) 

64-368g 

43 

47 

10 

1720 

gl  1.83  +  qx  +  P(tr) 

o4 - 368h 

43 

47 

10 

1557 

gl  0  I.83  +  qx  +  P 

64-  368b 

43 

47 

10 

1395 

gl  rj  1 ,82  +  qx  +  F 

o4 -  368a 

43 

47 

10 

1305 

gl  rf  =  1.787+  P  +  0 

o-i-  366c 

43 

47 

10 

1205 

gl  V  =  1.753+  P  +  <2 

o4 - 368d 

43 

47 

10 

1172 

gl  +  P  +  a 

o4-368e 

43 

47 

10 

1025 

gl  +  P  -+  a 

Jobi 

43 

47 

10 

925 

gl  +  p  t  Q  +■  /3 

II-9 
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TABLE  XII  (Contd.) 


Sample  No. 

Composition  in  Weight  % 

Phases  Present 

BaO 

YTa0l+ 

3203 

T  °C 

64- 314b 

44 

26 

30 

1150 

gl 

64- 314 c 

44 

26 

30 

950 

gi  +  a 

64-39^ 

45 

30 

25 

1200 

gl  v  -  1.737 

64- 396a 

45 

30 

25 

1100 

gl  v  =  1.725  +  a  (tr) 

64 -396b 

43 

30 

25 

1035 

gl  +  a 

64- 396c 

45 

30 

25 

9C8 

unidentified  solid  phases 

64-41 la 

45.5 

34.5 

20 

1300 

gl  1?  =  1.762 

64-4a  .b 

45.5 

34.5 

20 

1215 

gl  *7  =  1.745  +  0 

64-4lCc 

46 

39 

15 

1305 

gl  V  =  1.780 

64-4l2b 

46 

39 

15 

1210 

gl  17  =  1.747  +  Q 

64-4lTe 

47 

43 

10 

1470 

gl  *7  =  1.797  +  P 

64-4l7f 

47 

43 

10 

1342 

gl  1  =  1.778  +  P 

64-4l7b 

47 

43 

10 

1315 

gL  0  =  1.778  +  P 

64-4l7c 

47 

43 

10 

1300 

gl  +  P  +  a 

64-4l7d 

47 

43 

10 

1253 

gl  +  P  +  0 

64- 417a 

47 

43 

10 

1145 

gl  +  P  +  0 

o\ 

« 

0 

•P- 

£D 

60.5 

19.5 

20 

1280 

gl  v  =  1.725 

65-014c 

60.5 

19.5 

20 

1049 

gl  V  =  1.725 

65-Ol4b 

60.5 

19.5 

20 

1005 

gl  V  =  1.725  *0  (tr) 

6 5-002e 

57 

28 

15 

1480 

gl  V  =  1.778  +  qx 

65-002d 

57 

26 

15 

1?60 

gl  V  =  1.755  ►  P(tr) 

65-002c 

57 

28 

15 

1230 

gi  v  =  1.757  +  P 

6 5- 002b 

57 

28 

15 

1193 

gl  V  =  1.743  +  P 

65-002a 

57 

28 

15 

1100 

gi  V  =  1.738  +  P 

65-OOlb 

54 

36 

10 

1106 

gl  r)  =  1.735  +  P 

05-001a 

54 

36 

10 

1083 

gl  V  =  1.735  +  P 

05- 001c 

54 

36 

10 

1050 

gl  1  =  1.725  +  P 

05-OOld 

54 

36 

10 

1000 

gi  V  =  1.725  +  P 

65-OOlj 

54 

36 

10 

978 

gl(tr)  +  P  +  P  ( tr) 

6 5- 001 i 

54 

36 

10 

945 

0  +  weak  unidentified 

65-OOig 

54 

36 

10 

927 

0  *  weak  unidentified 
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TABLE  XXI  (Contd.) 


Sample  No. 

Composition  in  Weight  $ 

BaO  YTaGi*  B2O3 

T  °C 

Phases  Present 

65-052a 

55 

23 

22 

1055 

gl  ♦  0  (tr) 

6 5-0 52b 

55 

23 

22 

1011 

gl  +  0 

65-Ol6b 

70 

20 

10 

1380 

* 

P  +  BaO#  +  B83B206 

65-Ol6a 

70 

20 

10 

1300 

P  +  BaO  +  Ba3B20£ 

6 5- 028a 

63 

27 

10 

1300 

gl  +  P  +  Ba3B206  (tr) 

65-017a 

65 

20 

15 

1005 

g?  +  0  +  Ba^I^Og 

65-Ol8a 

50 

20 

30 

1010 

gl  t)  -  I.685,  a  +  0 

65 -015a 

30 

60 

10 

1368 

gl  +  YTaOl; 

65-01 5b 

30 

60 

10 

1295 

gl  +  YTaO^  +  0 

65-039a 

35 

50 

15 

1300 

gl  +  YTaO^  +  0 

65-051a 

35 

55 

10 

1358 

gl  +  YTaO^  +  a  (tr) 

65-038a 

39 

50 

11 

1297 

gl  +  P(tr)  +  a 

65-ll6a 

57 

25 

18 

1005 

gl  +  a 

65-ll6b 

57 

25 

18 

1035 

gl,  1  13  1.725  +  a 

65-ll6c 

57 

25 

18 

1083 

gl,  V  =  1.73  +  a 

65-ll6d 

57 

PS 

18 

1145 

gl  1  =  1.73 

65-092a 

55 

25 

20 

991 

gl  +  a 

65-092c 

55 

25 

20 

1133 

gl 
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TABLE  XII  (Contd.) 

Quaternary  Compositions 


Samp]  e  No. 

Composition 

in  Weight  $ 

Phases  Present 

BaO 

*2°3 

T82O5 

*20'3 

T  °C 

6^-389 

45.25 

17.5 

27.5 

10 

1200 

gl 

+ 

p  +  a 

64-394 a 

45.5 

]  8.4 

22.6 

13.5 

1200 

gl 

+ 

unidentified  phases 

64- 394b 

45.5 

18.4 

22.6 

13.5 

1100 

gl 

+ 

a  +  unidentified  phases 

64-398 

45.58 

1  ~d 

• 

CD 

OO 

26.04 

10.5 

1200 

gl 

+ 

P  +  unidentified 

gl  =  glass 

=  index  of  refraction 
P  «  Ba(Y0 o5Ta0>5)03 

>•  =  phase  isomorphous  with 

BaTa20g 

P  --  phase  isomorphous  with 

Bill  'i’.'l’.Oi  r 

j  ■'  J-) 

(tr)  -  trace 

qx  -  quenching  crystals  (see  text) 


the  criterion  for  assigning  BaO  as  a 
crystalline  phase  is  explained  in 
the  text 
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TABLE  XIII 


X-ray  Pattern  of  YTaC^ 


Ferguson 

UAC 

a  = 

5.34  X 

a 

=  5.28  % 

b  = 

10.94  A 

b 

=  10.87  $ 

c  - 

5.07  A 

c 

=  5.10  % 

e~- 

95.30 

P 

=  95.30 

d 

Ills 

d 

i/i0 

020 

5.47 

10 

5.45 

35 

001 

5.08 

4o 

100 

4.79 

40 

120 

3.78 

35 

021 

3.72 

35 

101 

3.45 

121 

3.14 

ICO 

3.15 

100 

130 

3.02 

5 

3.04 

031,121 

2.94 

100 

2.92 

100 

o4o 

2.74 

40 

2.72 

4o 

200,131 

2.64 

40 

2.6: 

40 

002 

2.52 

30 

2.537 

40 

140 

2.420 

30 

220,211 

2.38 

5 

112,022 

2.30 

5 

112,11.1 

2.15 

30 

2.142 

40 

032,221 

2.068 

10 

231,150 

2.02 

20 

231,202 

1.921 

30 

1.939 

40 

212,240,151 

1.901 

50 

1.892 

4o 

042 

1,846 

60 

1.859 

50 

142 

1.798 

10 

202,310,241 

1.741 

30 

1.732 

35 

301,160 

1.710 

40 

321,251 

1.639 

60 

1.641 

50 

301,023 

1.612 

12 

152,311 

1.605 

20 

1.594 

20 

330,232 

1.578 

15 

251,242 

1.570 

60 

152,033 

1.549 

30 

1.537 

35 

071 

1.494 

50 

1.499 

45 

062 

1.477 

20 

213 

1.467 

20 
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TABLE  X?:V 

X-ray  Diffraction  Pattern  for  BaTaoOt  Crystals 

Tetragonal  cell  Space  group  -Pl/mbm 

o  o 

a  =  12.59  A  b  =  3.94  A 


hlU 

d 

I/I0 

310,001 

3.9^ 

20 

320 

3.48 

30 

211 

3.23 

40 

400 

3.15 

5 

LlO 

3.05 

45 

221,330 

2.96 

20 

311,420 

2.81 

100 

321 

2.62 

25 

510 

2.47 

5 

4li 

2.43 

5 

520 

2.34 

5 

421 

2.30 

<5 

550 

2.17 

10 

600 

2.10 

<5 

'30 

1.99 

50 

*02 

1.946 

^5 

202 

1.884 

10 

601,212 

1.360 

10 

550,710,302 

1.785 

40 

312 

1.767 

15 

720 

1.731 

10 

631 

1.702 

10 

402 

1.676 

30 

701 

1.630 

80 
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TABLE  XV 


X-ray  Diffraction  Pattern  for  Ba^Ta^O^  Crystals 

Trigonal  cell 

Space  group  -  P  3nl 

0 

0 

a  =  5.79  A 

c  =  11,75  A 

hk  / 

d 

I/Ip 

001 

11.76 

10 

101 

4,62 

20 

102 

3.81 

20 

103 

3.09 

100 

110 

2.89 

100 

104 

2.54 

20 

005 

2.34 

10 

203 

2.11 

60 

204 

1.907 

20 

106 

1.827 

50 

213 

1.710 

60 

300 

1.672 

40 

107 

1.595 

20 

206 

1.5^3 

4o 

220 

1.450 

40 

207 

1.396 

20 

305 

1.363 

40 

313 

1.311 

40 

314 

1.257 

10 

403 

1.194 

40 
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TABLE  XVI 

Quench  Data  for  Samples  in  the  System  330-1^80^-620^ 


Sample 

Composition  in  Weight  $ 

Temp 

No. 

BaO 

LuTaOi| 

BpO^ 

°C 

Phases  Present 

65-lfc2a 

38 

52 

10 

1095 

gl  + 

P  +  Q 

65-l42b 

38 

52 

10 

1396 

gl  + 

P  +  a 

65-l42c 

33 

52 

10 

998 

P  + 

a  +  unidentified 

65-l42d 

38 

52 

10 

1440 

gl  + 

P 

o5-l42e 

38 

52 

10 

1040 

gl  + 

P  +  a 

65-l42f 

38 

52 

10 

1020 

P  + 

a  +  unidentified 

65-l47a 

34 

46 

20 

1442 

gl.  V 

=  1.765 

65-l^Tb 

34 

46 

20 

1379 

gl.  V 

=  1.765 

65-l47c 

34 

46 

20 

1306 

gl,  V 

=  1.753,+  a  (tr) 

65-l48a 

36 

49 

15 

1442 

gl,  V 

-  1.793,+  a 

o5-l48b 

36 

49 

15 

1379 

gl.  V 

=  1.793,+  a  (tr) 

65-148c 

36 

49 

15 

1306 

gl.  V 

=  1.768,+  a 

65.152a 

49 

37 

14 

1103 

gl,  V 

=  1.730,  P  +  a 

65-1 52b 

49 

37 

14 

1173 

gl.p 

+  a 

65.152c 

49 

37 

14 

1246 

gl,  1 

=  1.750  ,  P  +  a  (tr) 

65-I 52e 

49 

37 

14 

1355 

gl,  1 

=  1.760,+  P 

65-152f 

49 

37 

14 

1430 

gl,  V 

=  1.770 

65-153a 

55.4 

29.6 

15 

1103 

gl  + 

P 

65-1 53b 

55.4 

29.6 

15 

1173 

gl,  1 

=  1.730,+  P 

65-153c, 

55.4 

29.6 

lr 

1138 

gl,  1 

=*  1.727,+  P 

65-1 53c, 

55.4 

29.6 

15 

1246 

gl,  V 

=  1.735,+  P 

65-153d 

55.4 

29.6 

15 

1055 

gl,  V 

*  1.725,+  P 

65-153e 

55.4 

29.6 

15 

1355 

gl,  V 

=  1.745,+  P 

65-153f 

55.4 

29.6 

15 

1430 

gl,  1 

=  1.750,+  P  (tr) 

65-153g 

55.4 

29.6 

15 

1500 

gl.  V 

=  1.750 

65-l89a 

50.5 

31.5 

18 

1215 

gl,  V 

=  1.740,+  a  (tr) 

65.189b 

50.5 

31.5 

18 

1252 

gli  V 

=  1.740 
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TABLE  XVI  (Contd.) 


Sample 

Composition  in 

Weight  $ 

Temp 

No. 

BaO 

LuTaOii 

b2o3 

°C 

Phases  Present 

65-l68a 

57.5 

2U.5 

.3 

1215 

gl  , 

V  =  1.730 

65-l88b 

57.5 

24.5 

18 

1100 

gl  , 

V  =  1.727,+  P  (tr) 

65-195a 

59.5 

20.5 

20 

1055 

gl. 

v  -  1.723 

65.195b 

59.5 

20.5 

20 

1000 

gl . 

"7  =  1.723,+  unidentified  (tr) 

65.196a 

51.5 

28.5 

20 

1055 

gl, 

77  =  1.725,+  Q 

65.196b 

51.5 

28.5 

20 

1200 

gl. 

1  =  1.727 

gl  =  glass 

V  =  index  of  refraction 
P  =  Ba(Luo. 5180.5)03 
q  =  phase  isomorphous  with  BaTa206 
tr  =  trace 
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TABLE  XVII 


Quench 

Data  for 

Samples  in 

the  System 

Ba0-LaTa0ij.-B20  ^ 

Sample 

Compos  it 

ion  in  Weight  % 

Temp 

No. 

BaO 

LaTaO^ 

b2°3 

°C 

Phases  Present 

65-205e 

39.1 

48.9 

12.0 

1345 

gl.i?  1.83 

65-205b 

39.1 

48.9 

12.0 

1258 

gl,  v  =  1.81,+  p 

65-206a 

38.4 

48.1 

13.5 

1345 

gl,  1  =  1.83 

6 5- 206b 

38.4 

48.1 

13.5 

1250 

gl,  V  =  1.81.+  C 

65.207a 

47.9 

37.1 

15.0 

1250 

gl,  V  1.775 

65.20Tb 

47.9 

37.1 

15.0 

1150 

gi>  v  =  1.763,  +  P 

65-207c 

47.9 

37.1 

15.0 

1075 

gl,  l  =  1.755,+  P 

65-203a 

48.6 

34.7 

16.7 

1250 

gl,  1  =  1.775 

65-208b 

48.6 

34.7 

16.7 

1150 

gi,  v  =  1.763 ,+  P 

65-208d 

48.6 

34.7 

16.7 

1075 

gl,  >7  =  1.755,+ £ 

6?-209a 

55.4 

28.3 

16.3 

1250 

gl,  v  =1.768 

65-209b 

55.4 

28.3 

16.3 

1145 

gl,  1  =  1.750.  +  P 

65-210a 

57.2 

24.7 

18.1 

1050 

gl ,  V  =  1.735,  +  P 

6 5- 210b 

57.2 

24.7 

18.1 

1075 

gl,  l  =  1.740, +  P 

65-223a 

39.7 

50.3 

10.0 

1300 

gl  +  P  unidentified  (tr) 

6 5- 22  3b 

39.7 

50.3 

10.0 

1400 

gl  +  P  +  unidentified  (tr) 

65-223c 

39.7 

50.3 

10.0 

153  0 

gl  +  P  +  unidentified  (tr) 

65-22Ua 

47.0 

40.7 

12.3 

1300 

gl  +  P  +  unidentified  (tr) 

6 5- 224b 

47.0 

40.7 

12.3 

1400 

gl  +  P  +  unidentified  (tr) 

65-224c 

47.0 

40.7 

12.3 

1510 

gl  +  p  +  unidentified  (tr) 

65.225a 

53.5 

33.5 

13.0 

1300 

gl  +  P  +  unidentified  (tr) 

65-225b 

53.5 

33.5 

13.0 

1400 

gl  +  P  +  unidentified  (tr) 

65-225c 

53.5 

33.5 

13.0 

1510 

gl  +  P  +  unidentified  (tr) 

gl  -  glass 

1  =  index  of  refraction 
a  =  3aTa20£  polymorph 
P  =  Ba^Ta),02_^  polymorph 
tr  =  trace 
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FIG.  32 


SAMPLE  65-00  2e,  57  */0  BaO,  28  w/0  VTQO4,  15  */o  B2O3 


QUENCHED  FROM  1480  °C 
IMMERSED  IN  OIL  OF  INDEX  1.75 

magnification:  200  x 


GLASS  HAS  PARTIALLY  DEVITRIFIED,  RESULTING 
IN  THE  INCLUSION  OF  VERY  SMALL  QUENCHING 
CRYSTALS 
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MG.  33 


SAMPLE  64-427  f,  41.8  Wo  BaO,  45.7  Wo  YTa04,  12.5  Wo  B203 


QUENCHED  FROM  1432  °C 
IMMERSED  IN  OIL  OF  INDEX  1.75 

magnification:  200  x 


CHIPS  OF  CLEAN  GLASS  MAY  BE  SEEN,  AS 
WELL  AS  GLASS  CONTAINING  QUENCHING  CRYSTALS, 
AND  GLASS  CONTAINING  PRIMARY  CRYSTALS 


O  :  LIQUID 
Q  *  PEROVSKITE 
0  =  a 

•  «  P 

V  1  VT0O4 

•  -  INDEX  OP  GLASS 

IN  EQUILIBRIUM 
WITH  CRYSTALS 


o  O 


-  LIQUID 


-  PEROVSKITE 


•  =  INDEX  OF  GLASS 

IN  EQUILIBRIUM 
WITH  CRYSTALS 


THE  SYSTEM  BaO  -  LaTc04  -  B2O3 
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APPENDIX  III 


Loss  From  Melts 

Quantitative  weight  loss  data  for  melts  above  the  perovskite  field  in  the 
system  BaO-Y^aOk-BgOj  were  made  necessary  in  order  to  permit  the  actual  crystal¬ 
lization  paths  to  be  predicted. 

An  analytical  balance  as  positioned  above  a  furnace:  the  pan  was  removed 
from  one  arm  of  the  balance,  and  a  platinum  wire  which  passed  through  holes  in 
the  balance  case  and  furnace  cover  was  hung  in  its  place.  A  50  ml  platinum 
crucible  was  affixed  to  the  support  wire  in  such  a  way  as  to  be  freely  suspended 
in  the  hot  zone  of  the  furnace.  The  crucible  had  been  previously  charged  with 
about  19^  grams  of  composition  55  weight  percent  BaO,  31  weight  percent  YTaOL 
and  l'l-  weight  percent  B2O3,  The  furnace  was  heated  to  113^C  and  maintained  at 
that  temperature  (+29?)  for  approximately  120  hours  while  weighings  were  made 
at  various  intervals.  These  data  are  presented  in  Fig.  38.  Zero  time  was 
arbitrarily  selected  as  the  time  of  the  first  recorded  measurement.  The  weight 
loss  was  linear  with  time  over  the  five  day  duration  of  the  run,  and  amounted  to 
1,1  grams  per  day. 
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